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ABSTRACT 
A method is presented which predicts the complete load-
. deformation behavior of composite beams with steel deck formed slabs. 
The method corrects three basic discrepancies which exist with pre-
viously existing methods. The method is a modification of~a pre-
viously existing method to accommodate shear connectors that 
exhibit decreasing capacity with increasing deformation. 
The method is used to demonstrate that the correct prediction 
of beam behavior depends primarily upon the load-deformation behavior 
of the shear connectors. The load-deformation behavior of stud shear 
connectors in composite beams with deck formed slabs is quantified 
using the analytical method presented, in conjunction with experi-
mental push-out and push-off test data. Equations are developed for 
the load-slip relationship of connectors which load to a maximum 
capacity, then decrease in capacity with increased deformation to a 
minimum capacity. It is also demonstrated that substantial friction-
al effects develop between the slab and the steel beam and these 
effects are quantified. 
The results of a parametric study are presented and existing 
design criteria are evaluated relative to these results. It is dem-
onstrated that shear connection failure generally limits the flexural 
capacity of composite beams with deck formed slabs. It is shown that 
there is no lower limit on the degree of shear connection for 
developing the flexural capacity of a beam. Use of high strength 
-1-
steel in composite beams is shown to result in a slight reduction 
in expected flexural capacity. Span length effects on composite 
beam strength and behavior are shown to be minimal. A maximum 
longitudinal connector spacing of approximately one meter is recom-
mended. A minimum center-to-center spacing of individual stud 
connectors within a rib of twice the embedment length is r~commended. 
It is suggested that composite beams with combinations of high 
strength steel, long spans, and close longitudinal connector spacing 
may exhibit significant reductions in flexural capacity. 
It is demonstrated that current specification provisions for 
effective moment of inertia and effective section modulus provide 
reasonable estimates of deflection and bottom flange steel stresses, 
respectively. Also the section modulus with respect to the top 
-
of the transformed composite section is shown to provide a reason-
able estimate of slab stresses. However, it is shown that stresses 
in the steel beam or concrete slab become irrelevant when flexural 
capacity can be achieved. The connector strength provision in a 
current specification is shown to provide a reasonable estimate of 
capacity for design purposes. However, when used to determine beam 
flexural capacity, it is recommended that simple plastic theory be 
modified to assume a slab force acting at the center of the solid 
portion of the slab above the rib. When thick slabs are used, it 
is recommended that the embedment length of the connector extend 
to mid-depth of the solid portion of the slab. 
-2-
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1. INTRODUCTION 
The elastic behavior of composite beams was well understood by 
. 1 
the end of the 1950's. In 1965, supported by numerous tests of 
pushout specimens and beams, Slutter and Driscoll developed a theory 
for the ultimate strength of composite beams which accoun~ed for 
partial shear connection. 2 Also in the mid-1960's, systematic in-
vestigations of the elastic-plastic behavior and load carrying 
capacity of simple.span composite beams with flat soffit slabs were 
made possible by the development of inelastic methods of analysis 
at the University of Illinois, the University of Missouri, the 
1 University of Sydney, and Imperial College. 
With the introduction of formed steel deck for composite floor 
systems in high rise steel frame structures, composite action be-
tween the steel beam and the ribbed concrete slab was considered. 
A pilot test of a full size T-beam conducted by Robinson in 19613 
demonstrated the feasibility of designing composite beams with deck 
formed slabs. However, in 1967 Robinson4 showed that when slabs 
utilized deck with high narrow ribs running perpendicular to the 
beam, the shear capacity of the connectors is substantially reduced. 
He suggested that the strength of the connectors is proportional 
to the square of the rib width and inversely proportional to the 
square root of the rib height. 
In 1969 Robinson5 demonstrated the applicability of existing 
methods of predicting elastic behavior of composite beams to beams 
-3-
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with deck formed slabs. In 1970 Fisher6 concluded that beams with 
ribbed slabs could be modeled as composite beams with haunched 
slabs, that the flexural capacity of such beams could be predicted 
provided the strength of the shear connection is known, and that the 
ratio of the capacity of a connector in a rib to that in a flat 
soffit slab is proportional to the rib width and inversely propor-
tional to the rib height. 
The inelastic method of analysis developed at the University of 
Illinois, was substantially modified and applied to composite beams 
with formed steel deck at McMaster University in 1973. 7 As with 
the inelastic methods previously mentioned, the beam and slab were 
assumed to deflect equally at every point along the span. The 
strain distribution over the depth of the composite beam was as-
sumed linear, and strain discontinuity was assumed at the slab-beam 
interface. The concrete was assumed to have no tensile strength and 
a trapezoidal stress-strain relationship in compression. The 
stress-strain relationship for steel was taken as elastic-plastic 
with strain hardening. Discretely placed shear connectors were 
used. (Some earlier methods assumed a continuous shear connection.~ 
The load slip relationship for the connectors, obtained by fitting 
results of pushout tests, was a smooth hyperbolic curve. Earlier 
methods assumed either a smooth parabolic curve or an idealized 
. d f h . h 1" 1 curve compr~se o t ree stra~g t ~nes. 
Comparisons of predicted behavior with beam test data reveal 
basically three discrepancies with the inelastic analyses conducted 
-4-
l to date. First, they provide reasonable agreement with only some 
integrated load-deformation behavior. For example, agreement is 
generally good between measured and predicted load versus mid-span 
deflection. However, agreement is generally not good for other 
integrated behavior such as load versus end-slip of the slab re-
lative to the steel beam. Further, agreement is generally not good 
for localized load-deformation behavior such as load versus strain 
in the steel beam or concrete slab. Secondly, the predicted failure 
load of a beam, which is described by arbitrary failure criteria 
such as the concrete slab strain reaching its crushing value or the 
first connector reaching its failure load, does not in all cases 
agree well with test data. Finally, none of the analyses predict a 
failure behavior observed in many test beams, wherein a peak load 
is obtained and the load subsequently drops off as deformations 
continue to increase. 
8 In 1977, Grant, Fisher and Slutter reported on numerous 
tests of beam specimens with ribbed deck. Analysis of these tests 
revealed that the capacity of a stud shear connector in a rib could 
be related to the capacity of a stud in a flat soffit slab in the 
following manner: 
Q = 0.85 (H...;.h)(~) O < Q 
rib . IN'""" h h ·sol - sol 
In the expression above N is the number of studs in a rib, His the 
height of a stud, h is the height of the rib, w is the average rib 
width, and Q 1 is the capacity of the stud shear connector in a so 
flat soffit slab. Also these tests demonstrated that with the above 
-5-
expression for connector capacity, the ultimate strength of com-
posite beams with ribbed slabs could be predicted using the theory 
developed in Ref. 2 for composite beams with flat soffit slabs. 
However, the authors suggested modification in the assumption of the 
location of the force acting in the slab. A statistical analysis9 
has shown this prediction of flexural capacity of beams w~th ribbed 
deck to be as reliable as ·that for beams with flat soffit slabs. 
The purpose of the study reported herein is fourfold: 
(1) to present a method for predicting the complete 
load-deformation behavior of composite beams with 
steel deck formed slabs, 
(2) to show that correct prediction of beam behavior 
depends primarily upon the load-deformation behavior 
of the shear connectors, 
(3) to show that shear connectors in beams with deck 
formed slabs load to some peak value then decline 
in load in a ductile manner and, further, to describe 
this behavior and peak value empirically in terms of 
significant parameters which govern their behavior, and 
(4) to present a parametric study of composite beams with 
deck formed slabs and compare the results of this 
study with existing design criteria. 
The method of inelastic analysis of composite beams developed 
at McMaster University7 was modified as needed and used. Only mod-
ification in three areas could possibly account for the 
-6-
aforementioned deficiences: (1) the load-slip behavior of the con-
nector, particularly the incorporation of a declining portion beyon 
beyond some peak connector load, (2) the stress-strain relationship 
for the steel beam, and (3) the stress-strain relationship for the 
concrete slab. Consequently, modifications in each of these areas 
were made, one at a time, leaving the other two areas unaltered, 
for a test beam previously analyzed by the existing method. 
These modifications established the relative significance of 
the three variables as they affect beam behavior. They showed that 
the key area requiring modification was the load-slip relationship 
of the connector. In pargicular, these modifications showed that, 
if beam behavior is to be predicted completely, the load-slip re-
lationship of the connector involves a peak load which subsequently 
declines as slip increases. Also they showed that the load-slip 
relationship of the connector was unique. Additionally, the mod-
ifications indicated that residual stresses in the steel beam may 
have a secondary but significant effect on beam load-deformation 
behavior. 
Several beam specimens were analyzed with the modified method 
in an attempt to determine the unique load-slip behavior of the 
connectors in beams. Because of residual stress effects in the 
beams, the analysis was only partially successful. Pushout test 
data was then analyzed to complement the beam analysis. Based on a 
theoretical model and test observations, empirical expressions were 
eventually developed, which uniquely described both the capacity 
-7-
and behavior of stud shear connectors embedded in a composite beam 
with a ribbed slab. Frictional effects between the slab and the 
steel beam were also isolated and quantified with a theoretical 
model. Verification of the inelastic method. of analysis, as 
modified by the connector and frictional effects models, was 
~ 
accomplished by comparing measured with predicted beam behavior 
for fourteen beam tests, covering the spectrum of beams utilized 
in composite construction to date. 
Using this modified method of inelastic analysis, a para-
metric study of composite beams with formed metal deck was 
conducted. The key parameters investigated were the geometrical 
and material properties of the composite beam, the loading 
condition, the degree of shear connection, the connector spacing, 
and the span length. Results of this parametric study were then 
compared with existing design criteria. 
-8-
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2. DESCRIPTION OF TESTS 
2.1 Test Program 
The experimental program at Lehigh consisted of tests on 17 
simple span composite beams. A breakdown of the experiment design 
by specimens is given in Table 1. " 
Series A consisted of six beams. It served as the basic 
series in the program, with average rib width-height ratios of 
1.5 and 2. The beams were designed for an 80% partial shear 
connection, as defined by the 1969 AISC Specification. 10 Series B 
consisted of two mild steel (A36) beams, while all other beams 
were an intermediate grade (A572, Grade 50). Series C consisted 
of five beams with low degrees of shear connection (below 50%). 
Series D consisted of four beams with larger rib slopes as their 
major variable. 
2.2 Test Specimens 
The test specimens consisted of steel beams on simple spans 
of 7.3 or 9.8 m, acting compositely with concrete slabs cast on 
formed steel deck. The beams were designed in accordance with 
recommendations suggested in Ref. 5 and 6. Details and material 
properties of the beams are provided in Table 2. 
The slabs of the beams were made with structural lightweight 
concrete conforming to the requirements of ASTM C330 (Specifica-
tions for Lightweight Aggregates for Structural Concrete). 
-9-
Concrete properties were maintained as constants within fabri-
cation tolerances. Minimal reinforcement for all of the beams 
consisted of 6x6-Wl.4xW1.4 welded-wire fabric placed at mid-depth 
of the slab above the ribsi1 The thickness of the solid part of the 
.,,') 
slab was a constant 63.5 millimeters for all of the beams. The 
... 
slab widths were proportioned as 16 times the full thickness of 
the slab plus the flange width of the steel beam. All slabs were 
cast without shoring. 
The slabs were cast on 20 gauge galvanized steel deck without 
embossments. The rib heights of the deck were 38.1, 50.8 or 
76.2 mm for average rib width-height ratios of 1.5 and 2. The 
slopes of the ribs were a nominal 1 to 12 except for the series D 
beams which had 1 to 2 (1D2 and 1D4) and 1 to 3 (lDl and 1D3) 
slopes. The steel deck was fabricated in widths of 609.6 or 
914.4 mm with corresponding rib modules of 152.4 and 304.8 mm. 
Composite action between the steel beam and the slab was 
provided by 19 mm stud shear connectors. All studs conformed to 
ASTM Al08 specification and were welded through the steel deck to 
the beam flange in a staggered pattern. The stud layout is shown 
in Fig. 1. All welds were tested by "sounding" the studs with a 
hammer. Questionable studs were given a 15 degree bend test. 
Faulty studs were replaced and retested. One or two studs were 
placed in a rib. The stud spacing was adjusted to accommodate 
the varying rib geometry but never exceeded 609.6 mm. All studs 
were embedded 38.1 mm above the rib. 
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2.3 Control Tests 
In order to determine the properties of the materials used in 
fabricating the composite beams, control tests were conducted. For 
each of the materials a description of these. tests and their 
results follow. 
2.3.1 Steel Beams 
The properties of the steel sections of A36 and A572, Grade 50 
steel used for fabrication of the beams were determined from stan-
dard tensile test specimens. Since the steel beams came from dif-
ferent heats of steel, the coupons were machined from a 609.6 mm 
section of each beam, flame cut a few feet from the support. A 
total of 4 coupons were taken per beam: 2 from the web and 2 from 
the bottom flange. 
Results from the steel tensile coupon tests are summarized in 
Table 3. The variances between the web and flange properties for 
each beam were not great; however, the properties of the web tended 
to be higher for all specimens. The average static yield strengths 
for both the flange and web for each specimen are listed in Table 2. 
The static yield stress was used in the analysis of the spec-
imens because it most clearly approximates the steel strength ex-
pected from the specimen, considering the rate of loading. The 
measured yield stress for most of the specimens was much higher 
than anticipated; in fact some of the Grade 50 steel more closely 
approximated Grade 65 steel. The modulus of elasticity of the 
steel was taken as 200.1 GPa. 
-11-
A typical stress-strain curve for a flange coupon from speci-
men 1C2A is given in Fig. 2. 
2.3.2 Concrete Slabs 
The structural lightweight concrete used for the slabs was 
made with Nytralite expanded shale aggregate following the mix 
. .. 
design given in Table 4. All of the concrete mixes satisfied the 
requirements of ASTM C330 (Specification for Lightweight Aggretates 
for Structural Concrete). The cement was Type 1 Portland Cement; 
the fine aggregate was sand. 
The plastic consistency (slump) was measured for each mix. 
Air content was periodically checked on a few mixes. Normally the 
slump was 76.2 to 101.6 mm and the air content was 5-7% as deter-
mined by a volumetric meter. 
At the same time the beam specimens were cast, six standard 
152.4 mm by 304.8 mm control cylinders were also cast to determine 
the compressive strength, tensile strength, modulus of elasticity 
and density of the concrete. In conjunction with the beam speci-
mens the cylinders were moist cured for 14 days, then stripped 
and air cured until the day of testing. 
The cylinders used to determine the concrete compressive 
strength were capped with a sulfur capping compound and tested 
according to ASTM Standard C39 (Standard Method of Test for 
Compressive Strength of Molded Concrete Cylinders). 
-12-
The concrete tensile strengths were obtained from split 
cylinder tests as described in ASTM C496 (Methods of Test for 
Splitting Tensile Strength of Molded Concrete Cylinders). 
The modulus of elasticity was obtained from the compression 
test of the cylinders. In order to measure the strain, an aver-
aging compressometer with a 152.4 mm gage length was mouneed on 
the cylinder. During testing the dial gage was read at each 
22.3 kN load increment which corresponded to a stress increment of 
1221.3 kPa. The modulus of elasticity was calculated from the 
difference in readings at 22.3 and 178.0 kN on the second cycle of 
loading to 50 percent of ultimate •. Often the modulus of elasticity 
is taken as the tangent modulus at zero load. Obviously this might 
result in a slightly higher value than the secant modulus deter-
mined from the deformations at 22.3 and 178.0 kN. 
The density of the concrete was determined from the weight 
and volume of the cylinders. The volume was computed from the 
average dimensions of the cylinders. 
The results of the concrete cylinder tests are listed in 
Table 5. The variance was not significant within each batch of 
concrete. The average properties of the cylinders that correspond 
to the beam specimen are listed in Table 2. These include the 
I 
concrete compressive strength f and the modulus of elasticity, E . 
c c 
A typical loading strain curve for the elastic range is given in 
Fig. 3. 
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2.3.3 Stud Shear Connectors 
The ultimate tensile strength of the stud shear connectors, as 
provided in a mill report accompanying the studs, are summarized in 
Table 6. Greater detail was not taken in determining the tensile 
properties of the studs, since the degree of partial shear con-
nection and strength of the concrete were sufficiently low so as 
to insure that tensile or shear failure of the stud shank would not 
occur. 
2.3.4. Slab Reinforcement 
The 6x6-Wl.4xW1.4 welded-wire fabric used as shrinkage and tem-
perature reinforcement in the slab conformed to ASTM Al85-64 speci-
fications. No control tests ·were performed on the reinforcement. 
2.4 Test Procedure 
Four point loading was used on all of the beams to provide 
shear and moment conditions comparable to uniform load conditions. 
The loads were approximately equally spaced, but varied slightly 
so that loads were applied over a rib and not over a void. The 
load points are shown in Fig. 1. 
Load was applied hydraulically to the beam specimens utilizing 
the 22.3 MN testing machine in Fritz Engineering Laboratory. The 
load was distributed to four transverse spreader beams, approxi-
mately equally spaced, by means of a series of three simply 
supported loading beams. Sheets of 12.7 mm Homesite were placed 
under the transverse spreader beams in order to obtain a uniform 
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load distribution on the bearing surface of the slabs. Figure 4 
shows a typical test setup. 
The beam specimens were loaded in small increments of 22.3 or 
44.5 kN from zero load to approximately their working load. The 
beams were then cycled ten times between 22.3 kN and their working 
~ 
load. After cycling the beams were again loaded in increments to 
near the ultimate load. At load levels near ultimate, load relaxa-
tion was observed, accompanied by unstable deflections and slips. 
Readings were taken when the displacement stabilized. The load 
recorded was the maximum load obtained. Once on the plateau of the 
loadOdeflection curve, load was applied to produce fixed increments 
of deflection. Loading was terminated when deflections became 
exessive. 
2.5 Instrumentation 
The test beams were instrumented to measure deflection, slip 
and strain, as shown in Fig. 5. Deflection at the midspan and slip 
between the steel beam and the slab at each end of the beam were 
measured with a 254.0 ~m dial gage. Slips were also measured at 
selected points along the span with electrical slip gages. The 
relative horizontal movements of rods embedded in the slab on either 
side of a rib were taken to eliminate the effect of rib rotation. 
These measurements were then averaged to obtain the slip at the rib. 
Six electrical strain gages were placed on a section in the same 
plane as the rods to measure the strains in the steel beam. 
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The top of the slab on specimen 1C2A was also gaged to deter-
mine the transverse stress distribution and to confirm that the · 
shear lag conditions were comparable to solid slab construction. 
The gages were Type A9 electrical resistance. strain gages. The 
gages were placed symmetrically about the centerline of the slab 
ith a 406.4 mm spacing at two locations. 
1371.6 and 3200.4 mm from the end support. 
2.6 Other Tests 
~ 
The locations were 
An additional seven tests from seven other investigations 
(11-17) are examined herein. Their geometrical and material 
properties are reported in Table 2. They differed from the tests 
in the Lehigh program in variables which affect beam behavior, 
such as loading condition or strength of steel; but they were 
similar in variables which affect connector behavior, such as rib 
geometry. They were selected to aid in the determination and 
verification of the connector behavior models developed herein. 
They were selected from the comprehensive list of test data 
reported in Ref. 8 and are felt to be representative of current 
composite construction practices. They are discussed in some 
detail in Chapter 4 and reported separately in the references 
indicated in Table 2. 
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3. THEORETICAL ANALYSIS 
3. 1 Background 
Slip will always occur between the concrete slab and steel beam 
of an unencased composite beam. This incomplete interaction occurs 
because the connection consists of discretely placed connectors which 
are not infinitely rigid. A theoretical analysis of composite beams 
with incomplete interaction was originally developed by N. M. Newmark 
and reported in an unpublished report in 1943. 18 It is an elastic 
analysis and is presented here to serve as a basis for understanding 
the development of inelastic methods and the applicability of both 
to beams incorporating formed steel deck. 
The type of beam considered in this analysis is shown in Fig. 6. 
It is a T-section with connectors at the slab-beam interface which 
transfer horizontal shear. When the beam is subjected to flexure, the 
lower extreme fibers of the slab tend to lengthen and the upper fibers 
of the steel beam tend to shorten. The shear connectors counteract 
these tendencies by exerting forces which produce compression in the 
slab and tension in the steel beam~ These forces act at the locations 
of the shear connectors, but on each element they may be replaced by 
a couple and a force acting at the centroid of the element. These 
couples may be added algebraically to the moments that would exist in 
the slab and beam due to external moment, if there were no shear 
connectors. If this is done, the resultant internal forces and 
moments acting on the T-beam at any section, and resisting the 
external moment, are shown in Fig. 6. They consist of the moment, 
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Ms, in the slab, the moment, ~, in the beam, and the forces, F, 
acting at the centroids of the slab and beam. 
The analysis is based on the following assumptions: 
(1) The shear connection between the slab and the steel beam is 
assumed to be continuous along the length of the beam. 
(2) The amount of slip permitted by the shear connection i~ 
directly proportional to the force transmitted. 
(3) The distribution of strains throughout the depth of the slab 
and the steel beam is linear. 
(4) The steel beam and the slab are assumed to deflect equal amounts 
at all points along their length at all times. 
When individual connectors are used, the first condition is 
approximated if all connectors are of equal capacities and if their 
spacing is constant, or if the capacities vary directly with the 
spacing. The second assumption requires that the load slip curve for 
individual connectors be a straight line. 
In accordance with assumptions 1 and 2, the slip between the 
slab and beam is: 
(1) 
where k is the modulus of the connector, Q is the load on the con-
nectar, q is the horizontal shear at the junction of the beam and 
slab transmitted per unit length of the beam, and s is the spacing 
of the connectors. 
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The load per unit length, q, is equal to the change in the force, 
F, along the length of the beam. Thus, the slip is: 
and, differentiating once with respect to x, the rate of change of 
slip along the length of the beam is: 
E.Y_ _ ~ d2 F 
dx - k dx2 
The rate of change of slip is also equal to the difference 
between the strain in the slab and the strain in the steel beam at 
the slab-beam interface. With the notation of Fig. 6, this may be 
written as: 
E.Y.=e -e dx b s 
(2) 
(3) 
(4) 
When the strains throughout the depth of both the slab and beam are 
directly proportional to::the stresses, it follows from assumption 3 
that: 
M C F s s 
€ 
= 
-RT+ET s (Sa) 
s s s s 
F ~cb 
€b = EbJ\ Eb~ (Sb) 
where Es and Eb are the moduli of elasticity, Is and ~ are the 
moments of inertia, and As and J\ are the cross-sectional areas of 
the slab and the steel beam, respectively. Substituting Eqs. Sa and 
Sb into Eq. 4 and equating the right-hand sides of Eqs. 3 and 4, the 
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• 
following expression is obtained: 
(6) 
The unknown moments Ms and ~ may be expressed as functions of 
the known external moment M and the unknown force, F, resulting in one 
..; 
equation with one unknown. From statics, the external moment is: 
M = Ms + ~ + F z (7) 
When the strains throughout the depth of both the slab and beam are 
directly proportional to the stresses, it follows from assumption 3 
that: 
M 
s 
Esis = Eb~ -
M- F.z 
Substituting Eq. 8 into Eq. 6, and using the expressions 
1 1 1 
EsAs + Eb~ --= EA 
Eq. 6 may be rewritten as: 
The differential equation (9) is a general expression for the 
force F. As the external moment varies along the beam and thus 
depends on the location of the cross section and on the type of 
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(8) 
(9) 
loading, Eq. 9 must be solved separately for each type of loading. 
With F thus found, all internal forces acting on any cross section 
of the beam are known and expressions for slip, load on a connector, 
strains and deflections can easily be derived. 
Alternatively, Eq. 9 may be solved by a method of finite 
differences. This results in a system of simultaneous equa~ions 
b t . 1 b 1 t . d . d. . d 1 h 19 u 1t a so ena es one o cons1 er 1n 1v1 ua s ear connectors. 
Thus the necessity of assumption 1 and its implications could be 
eliminated. Also, since individual connectors can be considered, 
assumption 2 requiring linearity of the shear connector can be 
circumvented. 
In 1963 Dai demonstrated that assumption 2 could be circumvented 
h f . . d. ff 1 . 20 wit a 1n1te 1 erence so ut1on. His method analyzes composite 
beams loaded beyond the elastic range of both the beam and the shear 
connection. 21 In 1969 Thiruvengadam expanded Dai's method. His 
modifications permitted the consideration of dead load, more general 
geometrical and material properties, and a more general load-slip 
relationship of a connector. Specifically, his method permitted each 
connector to have a different load-slip relationship and the spacing 
of the connectors to be varied along the span. The variable spacing 
provision in his finite difference solution demonstrated how assump-
tion 1 could be eliminated. Thiruvengadam's method will be explained 
to illustrate the inelastic analysis of composite beams using a 
finite difference technique. 
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The composite beam shown in Fig. 7 is a single-span beam with n 
panels and n+l shear connectors. The space between connectors i and 
i+l is panel (i). Note that, for clarity, parentheses differentiate 
panel designation fro~ connector designation. 
The conditions of equilibrium at a section in the middle of 
panel (i), as shown in Fig. 7, is given by: 
(10) 
(11) 
The equilibrium of horizontal forces acting on the beam, as shown in 
Fig. 8, gives: 
F(i) - F(i-1) = Qi (12) 
i 
F(i) = ~ Qj j~l 
(13) 
The undeformed and deformed shapes of a portion of a composite 
beam containing panel (i) is shown in Fig. 9. The compatibility 
condition expressed previously as Eq. 4 can be restated in difference 
form as: 
(14) 
If the load-slip relationship of a connector is assumed to be 
linearly elastic, as expressed in Eq. 1, then Eq. 14 may be written 
as: 
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(15) 
Substitution of Eq. 12 in Eq. 5 yields: 
F (i-1) _ (_l_ + _1_) F + F (i+l) = 
ki ki ki+l (i) ki+l (16) 
Equation 16 represents a typical equation for panel (i,. It is 
referred to as the basic equation in Thiruvengadam's analysis. For 
a composite beam having n panels there are n such equations resulting 
in a set of n simultaneous equations with boundary conditions F(o) = 
0 and F(n+l) = 0. If the beam is symmetric about the midspan, only 
n/2 equations are necessary for solution. The set of simultaneous 
equations may be written in matrix form as: 
[B] [F] == [A] 
where [B] is a symmetric tridiagonal matrix whose terms are: 
B 
n(n-1) 
for 1 < i < n, 
1 
=-
k 
n 
1 B =-i(i-1) k i 
1 
Bi(i+l) = -k-
... ... i+l 
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B = -(_l_ + _1_) 
nn kn kn+l 
(17) 
All other B .. = 0 
l.J 
[F] is a vector whose .th term is F(i) l. 
[A] is a vector whose .th term is: l. 
A(i) = fs(i)(gb-gs) ds (18) 
Equation 16 is derived for linearly elastic connectors~ however, 
no assumptions are made regarding the stress-strain relationships of 
the slab or beam. If the load-slip relationship of the connectors is 
nonlinear, then Eq. 16 may be expressed in a modified form. From 
Fig. 10, it can be seen that a nonlinear load-slip relationship can 
be expressed as: 
(19) 
where k is the slope of the tangent at a point corresponding to Q and 
y and d is the intercept of the tangent on the axis representing slip. 
Substituting Eq. 19 into Eq. 14 yields: 
(20) 
Equation 20, simplified in a manner similar to Eq. 16 and expressed 
in matrix notation yields: 
[B] [F] = [A] + [D] 
When the slab and beam are elastic the vector [A] can be 
simplified. From Eqs. Sa, Sb, and 8, Eq. 18 may be written as: 
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A(i) = s s (i) t(Eb\ + Es1As + l:Z:I) - ~Ei} ds 
Since F remains constant throughout the length of the panel Eq. 18 
can be expressed as: 
A(i) = F(i) ~(i) s(i)- fs(i) S M ds 
where 
The matrix notation of the basic equation remains the same as 
expressed in Eq. 17 except for the following changes: 
for 0 < i < n+l, 
and 
1 1 
B .. "" -k + -k- + ~(1·) s(1") 11 i i+l 
A(i) = -Js(i) S M ds 
When the slab and beam are inelastic, the strain difference at 
the interface, (eb-es)' can no longer be. expressed as a linear 
combination of F and M. It could be expressed as. a complex nonlinear 
function of F and M, however this nonlinearity causes difficulty in 
solving the basic equation. Instead, numerical techniques involving 
linear approximations for a Taylor's series were employed, which can 
easily be performed on a computer. Details of these techniques are 
described in Ref. 21. 
It is to be noted that Thiruvengadarn only presented a method for 
analyzing composite beams. He drew no conclusions about the shear 
connectors. In fact, he used a three-line approximation to describe 
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the load-slip curves from pushout tests. He noted this was not 
discriptive of the true connector relationship in a beam. He proposed, 
however, that his method could be used, through trial and error, to 
determine the true behavior of the shear connectors in a beam. 
In 1969 Robinson demonstrated that Newmark's elastic analysis 
was also applicable to composite beams with slabs cast on f~rmed 
5 
steel deck. His only exception in the analysis is the existence of 
a finite zone, between the steel beam and the solid part of the 
concrete slab above the ribbed deck, which transmits the connector 
force to the slab but carries no slab stress. 
Thiruvengadam's method of inelastic analysis was extended, with 
major modification, to composite beams with slabs cast on formed metal 
deck by Main 1973. 7 Ma initially attempted to use Thiruvengadam's 
method directly but difficulties were encountered. These difficulties 
were found to be related to the numerical techniques used by Thiru-
vengadam. In order to overcome these difficulties, the analysis was 
modified in several ways but w'ith limited success. This is to be 
expected for any method used to solve a set of simultaneous equations. 
As the deformations begin to increase rapidly with little increase in 
load and the plateau of the load-deformation curve is reached, the 
coefficient matrix for the set of simultaneous equations tends to 
become singular and numerical instab.ility results. Ma resolved the 
difficulties with an approach which does not require solving a set of 
simultaneous finite difference equations. 
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Ma's inelastic method involves an iterative technique to perform 
step-by-step numerical integrations. An initial value is assumed for 
the slip at the end connection. The force at the connection is found 
from the load-slip relationship of the connector. Next the force in 
the first panel is found from Eq. 13 where i equals 1. The slip at 
the next outermost connector, yi, is then computed from Eq.~l4. This 
process is repeated for each connector until the force F (ri+l) at the 
other end beyond the last connector is computed. If this force i~ 
close to zero, a solution is assumed. If not a new trial value of end 
slip is assumed and the entire computational process is repeated. 
For symmetric problems, only half the span needs to be considered. 
The computations are repeated until the slip at the midspan connector 
is close to zero. A similar method was developed by Yam and Chapman 
33 in 1967 · for the inelastic analysis of composite beams with 
flat soffit slabs. 
3.2 Discrepancies with Existing Methods 
All of the inelastic methods display three basic discrepancies 
when predicted beam behavior is compared with test results. First, 
while the load-deflection behavior of a beam may be predicted well, 
other integrated effects, such as slip of the slab relative to the 
steel beam, are not. Further, localized effects, such as slab and 
beam strains, are not predicted well. Secondly, failure of the 
beam is described by some arbitrary criteria such as a concrete slab 
crushing strain, a connector failure load or slip, an excessive steel 
strain, or an excessive deflection. The failure load of beams so 
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determined does not always agree well with test data. Finally, if 
computations are allowed to proceed beyond these arbitrarily pre-
scribed failure limits, the methods predict gradually increasing beam 
capacity. For many test beams no such "plateau" effect exists. 
Rather, a peak capacity is reached, then the load drops off as 
deformations continue to increase. 
date predict such behavior. 
None of the methods developed to 
.. 
To illustrate these three discrepancies, the predicted behavior 
and test data for one of the beams analyzed in Ref. 7 are reproduced 
in Fig. 11 through 14. The figures show plots of load versus midspan 
deflection, end slip, midspan top fiber concrete slab strain, and 
midspan bottom fiber steel beam strain, respectively. The beam was 
selected purposely because it accentuates the discrepancies described 
above. 
In Fig. 11, the predicted load-midspan deflection curve shows 
good agreement with the plotted test points up to the peak load of 
the beam which occurs at approximately 50.8 mm deflection. Beyond 
this point the predicted curve continues to show increasing capacity 
even beyond the point where the first connector reaches its failure 
load at approximately 78.7 mm deflection. The test data, on the other 
hand, shows the capacity of the beam declining, first rapidly then 
very gradually, as deflection continues to increase. 
The predicted curve for end slip in Fig. 12 does not show good 
agreement with the test data. The initial portion of the predicted 
curve is much less stiff than the behavior.indicated by the test 
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points. Also the test data indicate a peak load somewhere between 
1.5 and 2.3 mm of end slip; whereas the predicted curve only shows a 
gradually increasing load. If the arbitrary limit of first connector 
failure were imposed, the predicted failure load for the beam would 
occur at 3.0 mm of slip. 
The concrete slab strains are shown in Fig. 13. The agreement 
with test data is good initially but noticeable disagreement begins 
to occur at about half the peak load. One might suspect this dis-
agreement to be due to the difference between the assumed and actual 
stress-strain relationships of the concrete. It will be shown later 
that this is not the case. Here too, the predicted curve does not 
duplicate test behavior at ultimate, which exhibits a peak load at 
slightly less than 0.2% strain. Rather, the connector load limit 
failure criteria is reached at a strain of about 0.3%. 
Finally, in Fig. 14; the assumed and predicted relationships 
between load and bottom fiber steel strain are plotted. Unfortu-
nately, test data are not available ·at high strains as the scale of 
the measuring instrument was exceeded. For the results shown, 
agreement is good up to the yield strain. After this point a sharp 
difference occurs between predicted and actual behavior. A possible 
explanation for this difference will be provided later. For the time 
being it is sufficient to say that prediction of true behavior in 
this region is not good. At higher load no conclusions can be drawn. 
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3~3 Required Modifications 
To correct the discrepancies described previously, modifications 
are required in the existing methods. In this section possible 
modifications will be explored. It will be shown that the load-slip 
relationship is the key factor in governing beam behavior and that 
once it is determined, beam behavior can be predicted more accurately. 
Furthermore, it will be established that connector behavior can be 
determined from beam tests. 
If the theory outlined previously is valid, then modification 
to the existing methods can occur in only three areas: (1) the 
stress-strain relationship of the concrete slab, (2) the stress-
strain relationship of the steel beam, and (3) the load-slip relation-
ship of the connector. This conclusion is evident from consideration 
of the fundamental compatibility condition as expressed in Eq. 4 
and rewritten below. 
dy= 
dx € - € b s 
On the left-hand side, the slip, and thus the change in slip along 
the span, is related to connector force through the load-slip rela-
tionship of the connector. The force, F, in the slab and the beam, 
is equal to the sum of the connector forces at any point along the 
beam. The strains, on the right-hand side, are related to stresses 
in the slab and the beam through their respective stress-strain 
relationships. The sum of the stresses acting over the respective 
cross sections produces the force, F, and the moments, Ms and~' 
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which act on the slab and the beam. Thus the solution of the slab 
force, F, and from F the connector forces and deformations and the 
beam deformations, can only be affected by the three factot-s listed 
above. 
Of the three areas of possible modification, it can be reasoned 
that the load-slip relationship of the connector is the mos~ signi-
ficant, since it relates connector force to slip in the slab relative 
to the steel beam. Consider the forces and moments comprising the 
total resisting moment in a composite beam, as shown in Fig. 6. Slip 
affects the curvature of the composite beam, which in turn affects 
slab and beam moments, Ms and~' respectively. Also the slab 
force, F, must be transferred, and in many cases is limited, by 
connector forces. Thus connector forces affect the internal couple 
created by the slab force, which in turn contributes substantially 
to the total resisting moment of the composite beam. Clearly, the 
connector load-slip relationship affects all aspects of the total 
resisting moment. 
The stress-strain relationship of the concrete only affects the 
slab moment. For a given slab force, F, a strain distribution in 
the slab exists. Through the stress-strain curve, this strain 
distribution results in a stress distribution which, when integrated 
over the slab cross section, equals the slab force. Variations in 
the stress-strain curve alter the resultant location of the slab 
force and not its magnitude, thus affecting the slab moment only. 
With equal curvatures in the slab and the beam, the slab moment can 
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be related to the steel beam moment by Eq. 8 in the following manner: 
The quantity in the parenthesis in the above expression will seldom 
exceed 5 percent for all slab beam combinations. Consequently, the 
concrete stress-strain relationship will not be very significant in 
~ 
affecting beam behavior. 
The stress-strain relationship for steel is more significant 
than that for concrete since it governs the moment in the steel beam, 
Mb' which makes a sizeable contribution to the total resisting moment. 
However, the difference between the idealized and actual stress-
strain relationship would only cause noticeable discrepancies in 
two regions: (1) near yielding, at the knee of the plateau on the 
stress-strain curve, and (2) some time after yielding when strain 
hardening ensues. Thus differences between predicted and measured 
beam behavior due to these discrepancies would not be large. One 
would expect the load-slip relationship of the connector to be more 
significant in its effect on beam behavior than the stress-strain 
relationship of either the steel or the concrete since it affects the 
total resisting moment more completely. 
The significance of the load-slip relationship of the connector 
can also be reasoned from the observation that discrepancies with 
the existing methods generally become more pronounced as the degree 
of shear connection in a beam is reduced. With several shear connec-
tors, the behavior of an individual connector is not as critical when 
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summing the connector forces to determine the force, F, and the 
corresponding resisting couple~ With fewer connectors, the effects 
of individual connectors are more keenly felt. The four beams 
reported in Ref. 7 support this reasoning. 
Thiruvengadam also noted the significance of the load-slip 
behavior of the connector in Ref. 3.4. In his discussion of' 
discrepancies between predicted and measured slab slips relative to 
the steel beam, he lists a poor assumption of the true connector 
load-slip relationship as the probable cause and makes no mention of 
the idealized stress-strain relationships assumed for the steel beam 
and concrete slab. 
To establish the relative significance of the possible areas of 
modification and, further, to demonstrate that the key area requiring 
modification is the load-slip relationship of the connector, the beam 
used to illustrate discrepancies with existing methods was further 
investigated. The beam is designated B2 7 and additional details are 
provided in Re:f. 11. Using Ma '·s method, with modifications, changes in the 
relationships for each of the three areas were made independently. 
These changes did not necessarily duplicate the actual relationships 
existing in the beam. They merely show what sort of effects might be 
expected due to this behavior. Additionally, it should be pointed 
out that Thiruvengadam's method, or any other inelastic method 
involving the solution of a set of simultaneous finite difference 
equations, can not be used. Solutions incorporating a connector 
load-slip· curve with a peak load and a declining slope after the peak 
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encounter numerical instability with such methods, due to near 
infinite terms in the coefficient matrix. 
3.3.1 Concrete Stress-Strain Relationship 
Changes in the concrete stress-strain relationsh~p were 
considered first. Figure 15 shows the idealized elastic-plastic 
relationship used in Ma's analysis along with two other reasonable 
relationships. These other two incorporate a declining slope after 
a peak stress. The curve with the highest peak stress incorporates 
the modulus of elasticity and the compressive strength of the slab 
as reported in Ref. 11. The other curve and the idealized elastic-
plastic curve incorporate nominal values. The load versus midspan 
top fiber concrete slab strain curves are compared in Fig. 16. As 
expected the changes in the stress-strain relationship have prac-
tically no effect on the load-deformation behavior of the beam. The 
load versus midspan bottom fiber steel beam strain plots showed even 
less effect and the plots for integrated behaviors of midspan 
deflectton a,nd end slip none at all. Thus it is clear that variations in 
the stress-s.train relationship of the concrete slab contribute little to 
variations in overall beam behavior. Furthermore it does not account for 
the peak loading with subsequent decline, characteristic of the 
example beam in question. Also, in recalling the discrepancies 
with the existing methods discussed earlier, it can be concluded that 
the difference between predicted and measured slab strains occurring 
at the knee portion of the load-deformation curves shown in Fig. 13 
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is not due to the difference between the idealized and true concrete 
stress-strain relationship. 
3.3.2 Steel Stress-Strain Relationship 
Next, variations from the idealized elastic-plastic stress-
strain relationship for steel were investigated. The varia~ions 
considered are shown in Fig. 17 and consist of a rounding effect at 
the knee portion where the elastic slope intercepts the plastic 
plateau and a more severe strain-hardening effect. The rounding 
effect at the knee simulates the influence of residual stress which 
Ma's method does not consider. The strain-hardening effect reflects 
an increased strain-hardening modulus of 4830MPawhich is about the 
minimum usually encountered for structural carbon steels in the early 
f . h d . 22 stages o stra~n- ar en~ng. In Ma's analysis the strain-hardening 
modulus was taken as approximately 690 MPa. 
Predicted versus measured load-deformation behavior is shown in 
Figs. 18 through 21. The solid lines in each plot correspond to 
the elastic-plastic stress-strain curve. Other curves follow the 
same legend as shown in Fig. 17. Figure 18 shows variations in the 
predicted midspan deflections. Rounding of the knee portion of 
the stress-strain curve tends to make the beam more flexible as the 
plateau of the load-deflection curve is approached. It also 
slightly decreases the maximum predicted capacity of the beam at 
the arbitrarily imposed failure ~riteria. The increased strain-
hardening modulus shows a corresponding increase in beam capacity at 
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large deflections but no significant increase before the load would 
be limited by one of the failure criteria. The variations in the 
stress-strain relationship do not improve the predicted load-midspan 
deflection behavior. For the predicted end slip behavior plotted in 
Fig. 19, the same observations are noted. 
Load versus midspan top fiber concrete slab strain is sbown in 
Fig. 20. The same observations noted above regarding increased 
flexibility due to rounding at the knee and increased stiffness due 
to a larger strain-hardening modulus generally apply; however the 
increase due to strain-hardening is much more dramatic. The rounding 
effect brings the predicted curve much more in line with the measured 
strains. This suggests that residual stresses in the steel beam 
have a significant effect upon slab strains. None of the variations 
improves the predicted behavior at ultimate. 
Figure 21 compares the predicted and measured midspan bottom fiber 
steel beam strains versus load. The differences between predicted 
and measured behavior follow the same trend described for concrete 
slab strains. Measured strains are not available beyond the 
initiation of strain hardening. Figure 21 shows that a possible 
explanation for the differences between predicted and measured strains 
occurring at the knee region may be residual stress effects. Hence, 
variations in the steel stress-strain relationship do affect the 
load-deformation behavior of the beam as reasoned. This effect of 
softening at the knee and stiffening at the end of the plateau 
generally tends to deteriorate predicted behavior. Also it is clear 
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that all reasonable variations in the stress-strain relationship 
cannot account for the occurrence of a peak load and subsequent 
decline evident in the test results. 
It should also be noted that the idealized elastic-plastic 
stress-strain relationship shown in Fig. 17 incorporated an average 
yield stress based upon~weighted flange and web yield point~. The 
effect upon beam behavior of these differing yield stresses, as 
reported in Ref. 11, was also investigated. No discernable differ-
ence in beam behavior was evident with the exception of a very slight 
softening in the knee portion of all the load deformation curves. 
3.3.3 Connector Load-Slip Relationship 
Finally, variations in the shear connector load-slip relationship 
were studied. These variations are shown in Fig. 22. The variations 
included peak loads followed by a declining slope, typical of 
measured and computed connector behavior in both solid and ribbed 
1 b 5,8,25 s a s. Modification of Ma's method was required to accommodate 
these types of load-slip connector curves and to permit decreases in 
the predicted beam load after attainment of peak beam capacity. 
The effects of these variations upon the predicted load-midspan 
deflection behavior are shown in Fig. 23. It is apparent that the 
predicted behavior is more compatible with the measured behavior of 
the beam. The curves indicate that the prediction of true behavior 
is very sensitive to the maximum connector load and the declining 
slope of the connector curve after its peak. Note, from curves 3 
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and 4 that as the declining slope of the connector curve increases 
in value, so does the declining slope of the load-deflection curve. 
More importantly, the peak capacity of the beam and the deflection 
at which it occurs, both, decrease as the slope increases its decline. 
This decrease occurs because the force, F, and the internal couple it 
creates, involve the summation of lower connector loads for similar 
~ 
amounts of deformation. This sensitivity, then, suggests that for 
beams with low degrees of shear connection the maximum connector 
load and the declining slope of the connector curve may be determined 
uniquely. 
The load versus end slip behavior plotted in Fig. 24 supports 
these observations, as well. The predicted load-end slip curve 
appears very sensitive to the assumed connector curve for loading, 
peak value, and unloading. It may be the key parameter which 
reflects true connector behavior, particularly if the connectors are 
few and identical, that is, no combinations of singles and doubles." 
This possibility is also supported by the study reported in Ref. 5. 
The load versus midspan top fiber concrete slab strain shown 
in Fig. 25 provides aboutc the same correlation as observed with 
previous studies. The unloadingportionsof two of the curves tend 
to unload back toward the origin. Test measurements indicate no 
decrease in strain associated with unloading. Explanation of this 
difference can be found by consideration of the test results of two 
other beams analyzed in Ref. 7, beams Bl and B4, both of which 
exhibited unloading. 
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These beams were similar within fabrication tolerances. Their 
only major difference was in their respective compressive strengths 
of concrete. Beam Bl had a compressive strength 6. 9 MPa higher than 
B4. 11 The measured top fiber strain for beam B4 behaved similarly to 
the predicted behavior for beam B2, while beam Bl exhibited no 
decrease in strain measurements as did beam B2. 
It is well documented that the declining slope, which occurs 
on a concrete stress-strain curve subsequent to the· peak stress, 
. 23 24 increases in magnitude as the peak stress ~ncreases. ' Hence, it 
is probable that the top fiber slab strains associated with beam 
unloading are functions of the compressive strength and the 
declining slope following this peak stress. In particular, if the 
top fiber strain exceeds the strain coincident with the compressive 
strength of the concrete prior to the attainment of the peak capacity 
of the beam, then as the beam unloads, the top fiber stress decreases 
but with increasing strain dictated by the declining slope of the 
stress-strain curve .. If, on the other hand, the top fiber strain 
does not exceed the strain coincident with compressive strength prior 
to beam unloading, it must decrease as the top fiber stress decreases 
simultaneously with beam capacity. 
A special situation arises if the top fiber strain is sufficient-
ly large but the declining slope is not steep. Then the top fiber 
strain must decrease to accommodate a top fiber stress which is 
decreasing faster than permitted by the declining slope. It seems 
reasonable for the top fiber stress to decrease with reduction in 
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beam capacity because both are governed by the slab force which is 
declining as connector forces decline. The first situation would 
explain the behavior of beams Bl and B2, the later situations would 
explain the behavior of beam B4. Since the predicted curves for B2 
have no declining slope in their idealized concrete stress-strain 
.. 
relationship, they would fall into the last special situation and 
exhibit decreasing strains upon unloading. 
The knee portion of the predicted load-midspan top fiber slab 
strain curve remains basically unaltered but slightly stiffer. The 
difference between predicted and measured strains in this region may 
be due to the presence of residual stresses in the steel beam, as 
shown in Section 3.3.2. Another possible explanation is shear lag, 
perhaps acting in conjunctionwith residual stresses. Reference 7 
and 11 do not indicate where beam B2 was instrumented across the 
slab. Therefore the measured strains could be exhibiting, at least 
in part, shear lag effects common to all T-beams. 
Figure 26 compares predicted midspan bottom fiber steel beam 
strain behavior with test results. As with the concrete strain 
curves just discussed, the predicted steel strain curves do not 
agree as well as the midspan deflection and the end slip curves 
with measured deformations. The agreement is about the same as the 
unmodified results given in Ref. 7, although slightly stiffer in the 
knee portion. Like their concrete counterparts, the predicted steel 
strain curves have a plausible explanation for the differences 
occurring between them and the measured strains. Again, the 
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explanation is a residual stress effect, as described earlier in 
Section 3.3.2. However two other facts support this explanation as 
well. First is the observation that the measured beam strains 
increase abruptly at about the yield strain of the bottom flange 
without a corresponding increase in load. None of the other load-
deformation measurements indicate such an abrupt change in load-
,. 
deformation behavior, implying that the increased strain must be due 
to a localized effect. Secondly, the instrumentation for the bottom 
flange of beam B2, as shown in Ref. 11, consists of three transverse 
gages, one directly under the web of the beam. It has been well 
established that residual tensile stresses in the flanges of beams 
22 
of similar cross section are maximum directly under the web. 
In conclusion, it is clear that the connector load-slip relation-
ship is the most significant of the three relationships affecting beam 
behavior and that connector behavior is the predominant modification 
required if beam behavior is to be correctly modeled. The predic-
tion of integrated deformations such as midspan deflection and end 
slip have been substantially improved with modified connector behavior. 
The prediction of localized deformations such as top fiber slab 
strains and bottom fiber steel strains has not deteriorated due to 
these modifications and plausible explanations have been provided 
where differences between predicted and measured deformations have 
occurred. It has further been speculated that individual connector 
behavior may be described uniquely from beam behavior and that the 
key to connector behavior description may be the load-end slip behavior 
of the beam. 
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3.3.4 Combined Modifications 
It remains to be shown just how accurately beam behavior can be 
predicted using modifications in the three areas discussed previously. 
If connector behavior is to be determined from test beam results, the 
accuracy of beam behavior prediction will directly affect the 
reliability of connector behavior. Further, since each of the 
modifications involves more elaborate computations and thus more 
computer time, it is obvious that a tradeoff exists. between accuracy 
and efficiency of the solution. This tradeoff was only indirectly 
addressed earlier. Therefore an attempt was made to improve the 
prediction of the behavior of beam B2, using combined modifications 
in each of the three areas and all of the test data provided in 
Refs. 7 and 11. 
The modifications considered are shown in Fig. 27. For the 
concrete stress-strain relationship, two curves were considered. 
One, the idealized ei.astic-perfectly plastic curve used in Ref. 7 
which incorporated nominal values of modulus of elasticity and 
compressive strength reported in Ref. 11 and a linearly declining 
slope after the peak stress in accordance with stress-strain 
predictions outlined in Ref. 27. For clarity they are designated 
Cl and C2, respectively. 
The steel stress-strain relationship was also modeled by two 
curves. The first, Sl, is the elastic-plastic curve used in Ref. 7. 
The.second, S2, is similar to the first but with a more appropriate 
strain hardening modulus in accordance with the value usually 
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ncountered for structural carbon steels in the early stages 22 , and 
a bilinear elastic portion. The second segment of the bilinear 
curve is intended to simulate residual stresses in the flanges. 
Assuming maximum tensile and compressive residual stresses of one 
half of yield stress existing in the flanges, partial yielding would 
occur at three halves the yield strain. Since stresses in~the 
flanges are evaluated in layers in the analysis, the second half of 
the elastic curve would approximate the net stress and strain ex-
isting in a partially yielded layer. Both of the steel relation-
ships shown were adjusted to reflect the different yield strengths 
of the flange and web as reported in Ref. 11. 
The connector load-slip relationship involved consideration of 
four curves. The first, designated SCl, is the hyperbolic curve used 
in Ref. 7. The second, labeled SC2, is a stiffer hyperbolic curve 
with a peak load of 44.5 kN and a linearly declining slope of 7008 
kN/m, also shown in~Fig. 22 as curve 4. The third curve, SC3, is 
also stiffer with a peak load of 50.3 kN occurring at 1.5 mm of slip 
followed by a linearly declining slope of 7008 kN/m down to a minimum 
connector capacity of four tenths maximum. The fourth curve, SC4, is 
· only a slight variation of the third with a slightly stiffer initial 
portion and a slightly -·lower peak occurring at a third more slip. 
Initially the relationships C2, 52 and SC2 were used in com-
bination and their effects upon load-deformation behavior are plotted 
in Figs. 23 through 26, along with the curves used previously for 
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comparisons of connector behavior effects. Several conclusions can be 
drawn from these plots and previous discussion. From the load-
deflection curves in Fig. 23, it is evident that the combined rela-
tionships C2, S2 and SC2 predict the least flexural capacity; even 
though curve 4 just above it uses the same connector load-slip 
relationship. The cause of this lower prediction can be attributed 
~ 
to residual stress effects as simulated by the steel relationship S2. 
The effect of differing relationships for concrete material properties 
and the effect of differing flange and web yields can also be ruled 
out,by the conclusions reached previously in Section 3.3.1 and 3.3.2. 
The difference in predicted capacity shown in Fig. 23 due to the 
assumed residual stress effects amounts to about 4 percent and 
demonstrates that some accounting may have to be made for such 
effects in determining connector behavior from beam test results. 
The load versus end slip curves shown in Fig. 24 confirm this. 
The load versus midspan top fiber concrete slab arid bottom fiber 
steel beam strain predictions for the combination C2, S2, and SC2 are 
shown in Figs. 25 and 26, respectively. They also exhibit the 
decreased capacity described above. In addition they show the effects 
of the strain-hardening range upon strain predictions after ultimate. 
The decrease in strains associated with capacity reduction is less 
pronounced due to strain-hardening effects. Thus for situations 
where strain predictions are important, the strain hardening modulus 
should be well described. The strain hardening modulus does not 
appear to affect predicted deflections and end slip~. Hence it 
appears to have a negligible effect on connector behavior. 
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The load-deformation behavior due to the combined relationships 
C2, S2, and SC2 were also compared with the behavior when the shear 
connection was modified to SC3. These comparisons are shown in 
Fig. 28 through 31 along with the measured behavior. The load-midspan 
deflection and load-end slip predictions resulting from this adjustment 
show very good agreement with the test measurements (see Fi&. 28 and 
29). This is especially true for the load-deflection curve after the 
peak capacity is reached. It exhibits a curvature reversal similar 
to the measured deflection. This curvature reversal can be attributed 
to the minimum connector capacity modeled by the relationship SC3. 
The predicted curve, incorporating the relationship SC2 which has no 
minimum connector capacity, does not experience this curvature 
reversal. Other connector relationships were tried with varying 
minimum limits. It was found that the declining predicted deflection 
curve was very sensitive to the minimum connector capacity. For 
beam B2 the best fit was achieved when the minimum was four-tenths 
the maximum capacity; This sensitivity suggests that the minimum 
capacity of a connector in a beam can be determined uniquely. 
Physically, this minimum capacity corresponds to the force carried 
by a connector after failure, due to dowel action. The dowel action 
is caused by the slab trying to slip up and over the fractured shear 
cone surrounding the connector~ 
The load-deflection and load-slip predictions incorporating 
connector relationship SC3 also show an approximately 6 percent increase 
in flexural capacity over the predictions using the relationship SC2. 
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The associated increase in connector capacity between SC3 and SC2 is 
13 percent. Recalling that a 4 percent drop in flexural capacity 
resulted from the residual stress effect modeled in the steel by 
stress-strain relationship S3, the associated difference in connector 
capacity due to this effect would be about 8 percent. Thus it can 
be concluded that if no adjustments in the method of analysis are 
o; 
made to account for residual stresses, then the connector capacity, 
determined from beam tests, may be underestimated by as much as 10 
percent. Comparison with the scatterband of pushout test results 
for connector capacity indicates that a 10 percent error is not 
significant. 28 If such error is deemed significant, adjustments 
can be made as outlined previously. 
The predicted load-deformation behavior due to the combined 
relationships Cl, Sl and SCl is the same as that presented in Ref. 7 
and is shown in Figs. 24 through 31. Comparison with the predicted 
behavior incorporating the relationships C2, D2 and SC3 and with 
measured behavior indicates. that better predictions of beam behavior 
can be made. The load-midspan deflection and load-end slip relation-
ships using C2, S2 and SC3 in Figs. 28 and 29, are in much better 
agreement with test results. The load-midspan top fiber concrete 
slab and bottom fiber steel beam strain results shown in Figs. 30 
and 31 are in good agreement with the initial measured deformations 
and provide about the same agreement as earlier studies.beyond half 
the ultimate load. The one major difference in the top fiber concrere 
strain estimates after the beam capacity is reached is due to 
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differences between the assumed and actual concrete stress-strain 
relationship and shear lag and residual stress effects. 
The predicted load-deformation behavior due to the combined 
relationships C2, S2, and SC4 is compared in Figs. 28 through 31. 
The connector relationship SC4 was only slightly different than 
curve SC3. Thus, conclusions about the sensitivity of beam~behavior 
to connector behavior can be drawn. The load-deflection and load-
slip behavior which incorporate connector curves SC3 and SC4 are 
shown in Figs. 28 and 29. They show proportional variations to the 
small variations made in connector behavior. On the other hand, the 
load-strain predictions shown in Figs. 30 and 31 show almost no 
variation. They are essentially the same plot except near ultimate. 
The load-deflection and load-slip curves from a test beam represent 
integrated beam behavior, and are not significantly influenced by 
local effects. Load-strain test data are local measurements which 
are sensitive to environmental conditions, human error, and loading 
and fabrication irregularities. Therefore the load-midspan deflection 
relationship and the load-end slip behavior are the most suitable 
relationships to use when tests are used to estimate connector 
capacity. 
In summary, it can be concluded that the strength and behavior 
of shear connectors in a test beam can be determined from the load-
deformation relationships. Once the connector behavior is known, 
beam behavior can be predicted throughout the inelastic region using 
the method presented in Ref. 7 and the modifications developed herein. 
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The key parameters needed to determine connector behavior in a beam 
are the load-deflection and load-slip curves, which reflect integrated 
beam behavior. Differences between assumed and measured stress-strain 
relationships of the concrete slab and steel beam do not significantly 
affect connector and beam behavior. Residual stresses in the steel 
beam do affect behavior but this effect can be approximated~when 
necessary. 
3.4 Other Considerations 
The method presented in Ref. 7 and used for the analyses 
performed herein does not include effects due to shear. It only 
determines stresses and deflections due to flexure (the beams 
analyzed are assumed to be "Bernoulli" beams). However it is well 
known that shear deformations contribute to the deflection of a beam 
and that shear stresses, acting in combination with normal stresses 
due to bending, may cause early yielding. Also the strain distri-
bution across the width of the slab is assumed to be linear and 
perpendicular to the axis of the beam. However some shear lag 
always exists. The strains are often nonlinear with a maximum 
occurring in the center of the slab just over the web of the T-beam. 
Before the determination of connector behavior from beam tests or the 
prediction of beam behavior from measured connector response is 
examined in depth, the consequences of excluding the above shear 
effects from the analysis are reviewed. 
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3.4.1 Shear Stresses and Deflections 
It is commonly assumed in design practice that the web of the 
steel beam in a composite beam carries all of the shear stresses 
. th b 11,18 ~n e earn. It is evident that as yielding develops in the 
beam and progresses into the web, these stresses must interact with 
normal bending stresses and accelerate the yielding process.~ The 
shear deflection in composite beams may be appreciable since the load 
carrying capacity of a rolled section has been greatly increased due 
to composite action. Deflection due to shear may be calculated using 
energy methods. Examples may be found in most strength-of-materials 
textbooks and assume that the web of the steel beam carries all of 
29 30 the shear. ' 
Obviously the assumption is conservative since it does not 
consider all of the material to be resisting shear. An evaluation 
of this assumption can be made using the strain distributions on 
either side of the panel shown in Fig. 8. For any given depth within 
the panel, the shear flow and shear stress at that level can be 
determined from equilibrium. The strain distributions and corres-
pending shear flow and shear stress distribution are shown in Fig. 32 
for a panel near the middle of a shear span of beam B2. The strain 
distributions were determined from an analysis using the relationships 
C2, S2, and SC3, as defined in Fig. 27. Use of these relationships 
provided the best agreement between predicted and measured beam 
behavior. The strain distributions correspond to the working load 
level, that is, the bottom fiber steel strain at midspan is 
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approximately two-thirds of the yield strain. The agreement between 
predicted and measured behavior at working load (49 kN) is good, as 
can be seen in Figs. 28 through 31. 
The shear flow distribution on the cross section results from 
a combination of axial force and moment gradients. Integration of 
the shear stresses on the web in Fig. 32 would produce some~hat less 
than the 31.2 kN shear force required for both the dead and live load. 
A comparison is also made in Fig. 32 between the computed shear 
stress distribution and the idealized distribution, assuming the 
31.2 kN shear force to act uniformly on the web of the steel section. 
The shear stress distribution shown in Fig. 32 confirms the conser-
vativeness of the assumption that the web of the steel beam carries 
all of the shear stresses. 
The shear deflection for beam B2 was calculated assuming the 
shear to be carried by the web of the steel beam alone. It was 
found that the shear-deflection is approximately 6% of the bending 
deflection. In the load-deflection plot in Fig. 28 this amount of 
deflection accounts for about one-fourth the difference occurring 
between the measured deflection and the predicted deflection for the 
relationships C2, S2, SC3 at high stages of loading. Obviously other 
factors must be affecting beam behavior at these high loads. Conduct-
ing similar shear deflection calculations for a range of practical 
slab-beam combinations reveals that the deflections due to shear are 
generally negligible. It was found that for span/depth ratios of a 
composite beam greater than about 15 to 1, the shear deflection is 
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less than 10 percent of the bending deflection. For span depth 
ratios of 10 to 1, the shear deflection increases to between 20 and 
25 percent of the bending deflection. Critical beams are those with 
large slabs combined with small steel sections or those with ·very 
deep steel beams. 
As the composite beams becomes inelastic, the contribueion to 
deflection due to shear becomes less than for the elastic case. This 
occurs because only a small portion of the span will be plastified. 
Bending deflections will increase rapidly due to rapid curvature 
changes in the yielded sections; however shear distortion along the 
span will largely remain elastic. This phenomenon is illustrated in 
Ref. 29 by a simp~e example of a cantilever beam of rectangular cross 
section with a concentrated load acting on the free end. The beam 
plastifies fully only at its fixed end. Extending out from the free 
·end, an elastic-plastic boundary is described along the span which 
leaves an increasing larger middle portion of the beam cross section 
to resist shear elastically. Beyond the limit of the elastic plastic 
boundary, the beam behaves elastically. As the load approaches 
ultimate, the deflection is dominated by the rotation of the plastic 
hinge. Thus the contribution of shear to the total deflection 
continually decreases. 
Along the elastic-plastic boundary, shear stress and normal 
bending stresses interact and accelerate the yielding of a cross 
section. The interaction of shear and bending stresses, in conjunc-
tion with residual stresses, forces early yielding which accounts 
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for larger measured deflections than predicted at high load levels. 
Fortunately, this phenomenon only affects behavior between the working 
load and ultimate capacity and the effect is relatively small. The 
effect could be approximated by adjusting the stress-strain relation-
ship of the steel beam, similar in manner to that described previously. 
In summary, it has been shown that shear deflections ai!e general-
ly negligible in composite beams and become less significant as 
yielding develops. Shear deflections may be conservatively accounted 
for with simple supplementary calculations, assuming the web of the 
steel beam to carry the shear stresses. Thus, the determination of 
' 
connector behavior from beam tests or the prediction of beam behavior 
from known connector relationships will not be seriously affected by 
shear stresses and deflections. For special situations, these 
effects can be approximated. 
3.4.2 Shear Lag and Effective Width 
Figure 33a shows a simply supported composite T-beam with a 
concentrated load acting at mid-span. If the slab of the composite 
beam were allowed to distort freely due to the shear forces trans-
ferred by the connectors, it would assume the configuration shown in 
Fig. 33b. 22 Because the slab is continuous, however, the separation 
shown at mid-span can not take place. Continuity dictates that self-
equilibrating secondary normal stresses (Fig. 33c) be imposed upon 
the original uniform stress condition which creates the nonuniform 
stress pattern shown in Fig. 33d. This phenomenon is commonly 
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referred to as shear lag. The nonuniform stress pattern is usually 
assumed to· be replaced by a rectangular stress block equal in intensity 
to the maximum stress incurred. The width of the stress block is 
termed the effective width of the slab and is defined such that the 
areas of the two stress patterns are equal. The effective width is 
used in the design of a beam to determine elastic behavior. It 
.. 
varies with the span but for the purposes of design it is usually 
sufficient to know the effective width only in the region of maximum 
moment. 
When the slab begins to behave inelastically the concept of 
effective wid,th is no longer valid. Tests of reinforced concrete 
T- beams repor_ted in Ref. 31 show that cooperation of the slab 
increases with load and that, at ultimate, the full slab width is 
effective. As the portion of the slab over the web becomes over-
stressed, it· plastifies and forces redistribution of stress throughout 
the slab. This plastification may be assisted by reinforcement in 
the slab.and confinement of the overstressed region by adjacent 
sections,of the slab. These two influences prevent premature crushing 
of concrete. 
The method employed herein for the analysis of composite beams 
does not include shear lag effects. However these effects on beam 
behavior are negligible except in the prediction of slab stresses. 
The solution used herein assumes the slab must carry a force equal to 
the sum of the connector forces. The slab stress at the slab-beam 
interface may be altered slightly, which would not affect the slip, 
-53-
but the rate of change of slip. This effect would be minor and 
would decrease as the effective width of the slab increases both 
along the span and with increasing load •. 
To investigate the insignificance of shear lag effects upon the 
solution employed, the slab width of beam B2 was reduced to two-
thirds of its original value and reanalyzed. This value is~approxi­
mately the effective width suggested for a beam with conditions 
similar to B2 in Refs. 30, 31 and 32. The reduced slab width was 
kept constant along the span which is more severe than the actual 
case. For beam B2, the effective slab width would be a minimum at 
mid-span and would increase rapidly to the full width at the supports. 
The stress-strain and load-slip relationships C2, S2, SC3 were used 
as defined in Fig. 27. The comparison of the predicted results is 
shown in Fig. 34 through 37. It is apparent that the difference in 
behavior is negligible. Only the slab strain showed any effect 
(Fig. 36) which would be expected from the decreased area. 
It is evident that the exclusion of shear lag effects in the 
method of analysis used in this study is not a serious limitation 
when predicting beam behavior. If the determination of maximum 
slab strains is important, adjustments in the slab width can be made 
to simulate shear lag effects. Alternatively, the strains determined 
without adjustments for shear lag can be viewed as average strains 
for the entire slab width. Additionally, it is clear that, except 
for possible serviceability limitations, local overstressing of the 
slab does not affect beam behavior. 
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4. CONNECTOR BEHAVIOR AND CAPACITY MODELS 
4.1 Introduction 
In Chapter 3 it was established that beam behavior is very 
sensitive to connector behavior and capacity. This suggested that 
individual connector behavior could be determined by fitting 
~ 
predicted beam behavior to measured beam data using assumed connector 
load-slip relationships. This behavior was used to determine the 
load-slip behavior of the connectors in a number of composite beam 
tests incorporating formed metal deck. The beams used in this analy-
sis are described in detail in Chapter 2. Through a synthesis of 
load-slip relationships resulting from this analysis it was hoped 
that a model could be developed which would define the general 
behavior and capacity of stud shear connectors embedded in composite 
beams with formed metal deck. 
Initially, only the load-deflection and load-end slip behavior 
of the tested beams were used in the analysis based on the examina-
tion of beam B2 in Chapter 3. It was concluded in Chapter 3 that 
the key parameters to be used in determining connector behavior are 
the load-deflection and load-slip curves of the beam. It was further 
observed that minor differences between the assumed and actual 
stress-strain relationships of the concrete and steel components 
would not significantly affect the connector behavior. Residual 
stresses in the steel beam were observed to have a much greater 
influence. 
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The analyses and the resulting load-slip curves for the 
connectors did not reveal any pattern or trend. In addition, the 
measured load-slip did not agree with predicted results for several 
of the beams. This prompted a reanalysis which considered the load-
strain behavior. This revealed that, in attempting to ensure 
compatibility between measured and predicted load-deflection and 
load-slip behavior of the beams, the effects of residual stresses 
had been ignored. Many of the beams incorporated high strength steel 
and the residual stress0effects were found to be more pronounced 
than observed for beam B2. 
A study was conducted in 1977 at the University of Sydney which 
investigated the residual stress effects in composite beams. 34 Two 
test beams are reported in the study with yield strengths comparable 
with the beams evaluated in this study and for which the residual 
stress pattern was known. The beams were modeled by a finite element 
method which accounted for residual stresses. Comparison of predicted 
versus measured beam behavior showed good agreement. More important-
ly, when the residual stresses were ignored in the analysis, 
deviations between measured and predicted behavior were found to be 
comparable with the deviations observed in this study. 
After allowing reasonable deviations due to residual stress 
effects~ a pattern of general connector behavior was observed. The 
connectors were observed to follow an initial loading curve similar 
to that found for solid slabs. 28 However, at some limiting slip, the 
connectors reach a limit in capacity and commence a sharp decline. 
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The slope of this decline was found to be approximately 7000 kN/m 
of slip. This declining slope continues until a minimum plateau is 
reached, which the connector maintains until the beam fails. 
This pattern is in line with the connector behavior found for beam 
B2, analyzed in Chapter 3, as well. 
A problem arose, however, in quantifying the maximum c~nnector 
capacity and the slip at which it occurred. The problem with 
determining the peak capacity and its corresponding slip hinged on 
the fact that most of the connectors reached their maximum load in 
the range of beam loading most affected by residual stresses. The 
cause of this simultaneous occurrence can be attributed to the high-
yield stress common with the beams analyzed. Thus, variations of 
25 kN in connector capacity and 1.0 mm in the slip coincident with 
the maximum capacity were not easily discernable. Because the 
maximum capacity was difficult to detect, the minimum capacity, 
which was simultaneously occurring on some connectors was likewise 
difficult to ascertain. Though test measurements of connector 
behavior reveal considerablevariance, a representative behavior needs 
to be defined if beam behavior is to be determined more accurately. 
Although the effect of variations in connector behavior may be lost 
in the overall behavior of a composite beam, the studies provided in 
Chapter 3 demonstrate that an accurate assessment of connector 
behavior is needed. 
To help overcome this difficulty it was decided to analyze 
available pushout data with particular emphasis on connector capacity . 
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If the maximum capacity of connectors in push out tests could be 
defined and related to beam tests, then the initial loading curve, 
similar to that for solid slabs as defined in Ref. 28, would 
determine the corresponding slip at peak capacity. If the peak 
capacity and its corresponding slip were defined, the minimum capa-
city could be determined. It was noted that the connector load-slip 
.. 
curve for beam B2, as determined in Chapter 3, bears a very close 
resemblance to the load-slip curves of associated push out tests 
described in Refs. 7 and 11. 
4.2 Connector Capacity Model 
One of the first and most comprehensive investigations of 
connector capacity using push out tests was conducted by H. Robinson 
in 1967. 4 A reanalysis of his data reveals that stud shear connector 
capacity might be governed by a multiterm expression involving a 
separation of variables, rather than the multivariable, single term 
· t d · the past. 4 ' 6 ' 8 express~ons sugges e Ln Robinson's data is plotted 
in Fig. 38 with connector capacity, divided by the solid slab 
resistance (Q 1 ) as a function of the inverse of the rib height. so 
It can be seen that the relationship is approximately linear but that 
the intercept on the ordinate is a function of rib width. This 
experimental data can be described by the following expression: 
Qrib 
--= (21) 
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where h = rib height 
w = rib width 
A,B,C = constants 
Qrib capacity of· a connector in a rib 
Qsol = capacity of a connector in a solid slab. 
It is to be noted that if the test data plotted in Fig. 38 ~ere 
governed by single term expressions which involve rib width in the 
numerator and rib height in the denominator, then the data should 
radiate from a central point, which they do not. 
From Eq. 21, it was deduced that the connector capacity in a 
rib might be composed of two:: separate effects. One effect is related 
to the internal moment resisting the overturning effects of the 
eccentric slab force relative to its reaction at the base of the rib. 
This eccentricity would be primarily due to the rib height and 
corresponds to the "1/h" term in Eq. 21. The other effect is the 
shear resistance across the rib over a portion of the slab width, 
hence the nwn term. 
Pursuing this deduction the ~\11'. term in Eq. 21 for Robinson's 
data was set equal to shear stress times the product of the rib 
width and the slab width nondimensionalized by the connector 
capacity for a so lid slab. This resulted in a shear strength 
approximately equal to the tensile strength of the concrete. This 
would seem reasonable since the shear stress would be numerically 
equivalent to a principal tensile stress if the rib were subjected 
to pure shear. Similar comparisons were made with data from other 
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sources with comparable results. However, a decrease in this value 
was noted for specimens with large slab widths, indicating possible 
shear lag effects. 
To evaluate the influence of the internal moment, the computed 
value of the shear resistance across the rib was subtracted from the ~ 
measured connector capacity and nondimensionalized by the c6nnector~ 
capacity for a solid slab, for selected pushout data from several 
different sources. Only test specimens with relatively small slab 
widths were used to minimize shear lag effects. The results of 
Robinson's test data are plotted in Fig. 39 as a function of the 
inverse of rib height. This type of plot, including other data, 
indicated that the slope of the data was a function of the square 
of the embedment length of the connector above the top of the rib 
and the stud diameter. This suggested that the internal couple 
resisting overturning due to the slab force would be tension in the 
connector and an equal compression force in one side of the rib. 
The intercept of the data on the ordinate of plots such as in 
Fig. 39 represents the constant term in the three-term expression 
for connector capacity given by Eq. 21. This term was found to be 
a function of the square of the embedment length and corresponds to 
the base of the shear cone above the rib formed by tension in the 
connector. It represents a void in the area across the rib affected 
by shearing stresses, and thus a negative constant for a given 
embedment length. 
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To test this model, the computed value of the shear resistance 
across the rib (the "w" term), less the area of the base of the ten-
sile shear cone above the rib (the "constant" term), was subtracted 
from the measured connector capacity and nondimensionalized. · This 
result was. plotted against the product of the computed tensile capa-
city of the connector above the top of the rib35 and the st~d diameter, 
nondimensionalized by the product of the rib height and the connector 
capacity in shear for a solid slab (the "l/h1' term). Figure 40 shows 
data from Ref. 4. 
Similar plots for all of the available data revealed two signi-
ficant facts. The first is that the base of the tensile shear cone, 
in the direction of the rib width is never greater than the rib_width 
itself. This results because the stress concentration at the rib 
corner initiates cracking there. The test data also suggested that 
the lever arm for the internal couple is approximately six times the 
stud diameter. However, when the rib width was lessthan four times 
the stud diameter, the lever arm was reduced. 
A physical model is shown in Fig. 41 for a ribbed slab with em-
bedded shear connectors. The ribbed slab can be simulated as a multi-
bay portal frame and individual ribs as cantilever beams. The appro-
priate shear load is applied at the base of the rib (the end of the 
cantilever), along with a moment to resist overturning. A free body 
diagram of a rib and the appropriate shears and moments at each end 
of rib are shown in Fig. 4lc. The corresponding shear and moment dia-
grams are plotted in Figs. 4ld and e. These shears and moments are 
due to localized tension in the connector and shear across the rib. 
-61-
The shears and moments due to localized tension in the connector 
can be thought of as consisting of two parts. One part would be the 
moments and shears at the top and bottom of the rib due to tension in 
the connector. The tension in a stud is constant throughout the 
height of the rib and is counterbalanced by equal compression force 
.. 
on one side of the rib and separated by a lever arm equal to two 
times the stud diameter but not more than half the width of the rib. 
This explains to the reduced lever arm observed for specimens with 
rib widths less than four times the stud diameter, as mentioned 
earlier. The remaining internal moment, .equal to twice the stud dia-
meter times the tension in the stud, is provided by the moment 
capacity of the stud itself. Computations for several of the spec-
imens reveal that the studs have sufficient capacity to supply the 
additional moment. The fact that this additional moment never 
exceeds the product of twice the stud diameter times the tension in 
stud suggests that ~he studs only need to provide an internal 
moment in proportion to that provided by the rib itself. This ad-
ditional moment in the stud is reflected as an increased lever arm 
(from two .to three stud diameters) as shoWn in Fig. 4lc for the 
internal moment due to tension in the connector. 
Thus it would appear that the lever arm needed to evaluate the 
internal resisting moment of a rib has two contributions--one for the 
top of the rib and one for the bottom. For narrow ribs with studs 
located in the center of the rib, the lever arm would be 1-1/2 times 
-62-
the average rib width, providing neither the top or bottom rib width 
exceeded four times the stud diameter. Data from two different 
11 36 . 
sources ' hav1ng the same rib height and approximately the same 
average rib width but with differing top arid bottom widths support 
this hypothesis. However, the difference in the resulting overall 
connector capacity calculated by taking the average rib width, less 
-.; 
than or equal to four times the stud diameter, was found to be 
negligible. 
For ribs with studs off-center in the rib, the lever arm would 
be six times the diameter of the stud, provided that the distance 
between the center line of the stud and the near edge of the rib 
is more than twice the stud diameter. When less, half of the lever 
arm should be reduced in proportion to this distance. Thus, if a 
single stud were placed off-center in a rib at a distance of one 
diameter from the edge, the resulting lever arm would be 4-1/2 
diameters 
For ribs with multiple studs per rib, the centroid of the stud 
cluster should be considered relative to the edge of the rib. 
The contribution to connector capacity due to shear across the 
rib outside of the zone affected by tension in the stud is also shown 
in Fig. 41e. This shear requires that a cotr~s~onding moment exi~ts. 
Research on the shear capacity of reinforced concrete beams without 
shear reinforcement has sho\vn. that shear capacity is reduced in the 
24 37 presence of normal tensile stress· due to moment. ' Hence 
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the shear capacity of the rib would decrease due to moment near the 
top of the rib. If this moment remains constant for a constant 
shear force and is proportional to the product of the maximum tensile 
stress and the section modulus of the rib, it would require that 
the tensile stresses present in the rib would increase as the rib 
width were decreased. If the rib height were increased, the moment 
~ 
required to balance the shear across the rib would also have to 
increase~, Thus as the r~b height is increased the tensile stresses 
in the rib will increase as well. Hence, if the shear capacity of 
the rib were to decrease due to the presence of a stabilizing moment, 
it would exhibit this decrease more dramatically for ribs with low 
width over height ratios. 
Figure 42 shows a plot of average shear stress across the rib as 
a function of the rib width over height ratio. The ordinate is the 
measured connector capacity less the computed contribution due to 
tension in the stud, nondimensionalized by the computed contribution 
due to shear across the rib assuming the shear stress is equal to the 
tensile capacity of the concrete. The rib width over height ratio is 
plotted on the abscissa. Only the data from Ref. 4 is shown since 
the test specimens had small slab widths which minimized shear lag 
effects. Data from other sources were also evaluated and showed the 
same general trend. However, the clarity of the relationship was 
obscured by shear lag effects owing to large slab widths. 
Figure 42 shows that the shear stress decreases as the rib 
width over height ratio decreases. The shear stress decreases from a 
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maximum value equal to the tensile capacity of the concrete for 
width over height ratios of about 1.5 and larger to 50 percent of 
the tensile strength for very low width over height ratios .. This 
decrease in shear stress is the same as experienced for reinforced 
b 23,24,37 concrete eams. 
Formed metal deck being presently manufactured seldom has rib 
width over height ratios less than 1.5. Also, for slab widths 
characteristic of composite construction, it will be shown that 
shear lag effects overshadow the relatively minor decreases in 
shear stress associated with low rib width over height ratios. 
Thus the decrease in shear capacity associated with low width over 
height ratios was neglected in the connector capacity model. 
Generally, the term rib width refers to the average rib width, 
not the width of the top of the rib. This results because, for 
large slab widths; the shear plane across the rib generally propa-
gates down through the height of the rib to some natural termina-
tion. Slab widths are usually large in composite construction. 
Such a shear plane is shown in Fig. 43. Also, formed steel deck 
generally has a steep slope such that little difference exists 
between the width at the top of the rib and the average rib width. 
The steel deck fabricated for the test specimens plotted in Fig. 42 
had a constant rib width. 
It is also evident in Fig. 43 that the shear plane is not paral-
lel to the parallel planes described by the top and bottom of the rib. 
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This has generally been observed in failed test specimens. Figure 44 
shows a free body of the rib, with forces and moments due to shear 
across the rib acting on it. Three smal~ elements are shown across 
the top of the rib. Figure 44b shows the shear and normal stresses 
acting on each element. Figure 44c shows the planes upon which the 
principal tensile stresses would be acting. These planes correspond 
" 
to the failure surface across the rib. The failure surface at a 
typical cross-section along the rib is sketched as a dotted line on 
the free body of the rib. It is evident that the failure surface 
described by the physical model agrees with tests. 
The shear plane in wide slabs, as pictured in Fig. 43, reaches 
some natural termination at a distance from the connectors. This 
suggests that the shear stresses are not uniform across the slab. The 
phenomenon has been described as a shear lag effect. Such an effect 
may be seen in Fig. 45 where all available pushout data are 
plotted.4,11,12,14,17,36,38,39,40,41,42,43,44,45 The ordinate shows 
the measured connector capacity less the computed contribution due to 
tension in the stud plus the computed contribution due to shear 
acting across the base of the tensile shear cone, nondimensionalized 
by the computed contribution due to a shear stress equal to the 
tensile strength of the concrete acting across the average rib width 
over the entire slab width. 
It is obvious from Fig. 45 that the scatter of the data is 
greater for the smaller slab widths. The contribution to connector 
capacity due to shear across the slab is smaller for small slab 
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widths than for large ones. Thus when the quantity on the ordinate 
in Fig. 54 is calculated, the normal variations in the test data 
appear larger for small slab widths than.for large ones. 
It is evident from Fig. 45 that the shear stress is not uni-
formly equal to the tensile strength of the concrete for larger slab 
·widths. If the shear stress distribution along the rib were" known, 
an effective slab width could be observed, which would permit a 
more accurate assessment of the contribution to connector capacity. 
Determining this distribution is not possible, however, due to the 
nonhomogeneous nature and nonlinear behavior of the material. 
An approximate solution may be developed by considering failed 
test specimens. It is generally observed in specimens with large 
slab widths that the natural termination 6f the shear plane occurs 
within a center portion of the slab between 915 mm and 1220 mm wide. 
Assuming a linear distribution of shear stress equal to the tensile 
strength of the concrete at the center of the slab and zero beyond a 
center portion of slab width equal to 1067 mm on average, results in 
the dotted line in Fig. 45. The relationship follows the general 
trend of the data. More complicated distributions were investigated 
and consideration was made of the possible influence of other para-
meters such as length of the slab and spacing of the connectors. 
However no improvement could be found and generally less agreement 
with the data resulted. For composite construction practice where 
slab widths larger than 1067 mmarethe rule, the assumed distribution 
would be an effective slab width equal to 533 mm. 
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Using this distribution of shear stress a model for connector 
capacity in a slab with formed metal deck may be expressed as follows: 
Qrib 0. 00414 [ (6cpR)A + \v , b _ A J 
-Q- = · nA h f c e f f fb 
sol s 
where n = number of studs per rib 
As = the cross-sectional area of the stud 
w = the diameter of the stud 
R = the average rib width devided by four times the stud 
diameter < 1. 0 
h = the rib height 
Afc = the area of the tensile shear cone above the rib 
(see Ref. 35)_ 
w = the average rib width 
beff = the effective slab width 
b 
max 
= -2- (b > b ) 
- max 
b = the actual slab width 
b = 1067 mm 
max 
(22) 
Afb = the area of the base of the tensile shear cone above the 
rib 
Q = capacity of a connector in a rib 
rib 
Q = capacity of a connector in a solid slab. 
sol 
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Using this model, the predicted connector capacity of all 
available pushout data is plotted in Fig. 46 versus the measured 
connector capacity, both nondimensionalized by the capacity of a 
connector in a solid slab.4,11,12,14,17,36,38,39,40,41,42,43,44,45 
A similar plot of measured versus predicted connector capacity using 
the model given in Ref. 8 is shown in Fig. 47. Better cortelation 
with the test data is provided by Eq. 22 in Fig. 46. Comparison 
with other models would show similar improvement. 4 •6 Furthermore, 
although the connector capacity model described above is empirical, 
its terms can be qualitatively explained by a theoretical model which 
corresponds with observed test behavior. A comparison of the relia-
bility of the predicted capacity for connectors in a ribbed slab 
versus a solid slab may be made. The coefficient of correlation be-
tween measured and predicted connector capacity in Fig. 46 is 0.82. 
The coefficient of correlation between measured and predicted con-
nector capacity for solid slabs was found to be 0.72 in Ref. 28. 
Hence, agreement between measured and predicted capacities of con-
nectors in ribbed slabs is better than that for connectors in solid 
slabs. 
4.3 Connector Behavior Model 
With the capacity of connectors in pushout tests determined, it 
was desirable to develop a general connector behavior model which 
would aid in describing beam behavior. Analysis for beam lCl (see 
Chapter 2) matching predicted beam behavior to measured behavior 
through modifications in the connector curve, presented a problem. 
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The rib geometry for lCl was exactly the same as beam B2 which 
was analyzed in Chapter 3. All ribs except the end rib contained 
single studs, which was essentially the same as beam B2. The only 
major differences between the two beams was the strength of the steel 
beam and the loading arrangement. Beam lCl used four-point loading 
while beam B2 had a single load at midspan. Consequently, one would 
~ 
expect that the two beams would exhibit similar connector behavior. 
The problem was that although the connectors in beam lCl were 
found to have a capacity similar to those for beam B2 and in line 
with the capacity predicted from Eq. 22, the connectors did not 
decrease to a minimum load as observed for beam B2. Rather, they 
maintained a load equal to their maximum value as slip deformation 
progressed. 
Load-slip curves were available from measurements taken during 
the testing of beam lCl. They showed the exterior connectors in the 
shear span between the end support and the first load point, loading 
up and falling off just as the connectors in beam B2 did. But the 
interior connectors exhibited no decrease. Rather, they exhibited 
variable loading and unloading for increased slip with no apparent 
trend. This suggested that frictional effects were influencing the 
behavior of the interior connectors which were near the load points. 
To investigate this possibility, another beam, 69-1, similar 
to beam B2 but with uniform loading, was investigated. 12 Again, by 
matching predicted beam behavior to measured behavior through 
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variations in the connector load slip curve, the behavior and capa-
city of the connectors was determined. For this beam, with uniform 
loading, it was found that the connector capacity was approximately 
equal to the capacity of the connectors in a solid slab, which was 
50 percent above the connector capacity of beams B2 and lCl. In 
addition, the connectors did not fall off in load with increased 
... 
slip deformation. 
Thus as the loading arrangement changed from a point load at 
midspan to a. uniform load along the span, the apparent connector 
capacity increased. As the connector measurements on beam lCl have 
indicated, the slab force increased due to friction effects. The 
capacity and behavior of the connectors in the shear span were 
comparable to connectors in beams B2 and lCl. Several investigators 
have indicated that shear connector capacities tend to be larger in 
beams than in pushout and pushoff. specimens. 1 ' 2 ' 6 This observed 
friction effect provides an explanation of this difference. 
Several models were considered to account for this frictional 
force. The simplest model which provided best agreement was· to 
consider a frictional effect in a rib directly under a load point. 
The additional slab force was taken as proportional to the applied 
load and an effective coefficient of friction. The maximum value 
for this coefficient of friction was found to be 2.0. Subsequent 
analysis for other beams comparing slab force required for measured 
beam capacity with the summation of predicted connector capacities 
in the shear span resulted in similar values for the effective 
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friction coefficient. This value is comparable with the coefficient 
46 
used for subgrade friction of concrete pavements. A free body 
diagram of the rib reveals that a value of 2.0 is theoretically 
feasible. 
Consider the free body diagram of a failed rib shown in Fig. 48a. 
Note that the failure surface would create an inclined plane between 
the corner of the rib and the head of the stud. The interaction of 
the slab and the rib is depicted schematically in Fig. 48b as a wedge 
with load being pushed up an incline. Equilib'rium of forces parallel 
to the inclined surface reveals that the horizontal shear force 
pushing the slab over the failed rib would produce a normal force 
which creates an effective coefficient of friction, larger than the 
actual coefficient of the inclined surface. Equilibrium dictates 
that, for a coefficient of friction of 0.25 and an angle of inclina-
tion of 45°, the effective coefficient of friction would be 1.7. If 
the coefficient of friction is 0.5 the effective coefficient would be 
3.0. If the coefficient were 0.5 but the angle of inclination equaled 
30°, the effective coefficient would be 1.5. A coefficient of 
friction for two fractured concrete surfaces between 0.25 and 0.50 
·' 
is reasonable. An angle of inclination between 30° and 45~ is 
likewise reasonalbe for the embedment lengths and rib widths 
typically employed in composite construction. Thus an average value 
of 2.0 for an effective coefficient of friction was used. 
An effective coefficient of friction equal to 2.0 is not 
applicable to the initial stages of loading. The simple model is 
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dependent upon a failed shear plane which does not exist. initially. 
Thus a transition is required from an initial value for the 
coefficient of friction to a maximum value of 2.0 for the effective 
coefficient of friction. It was necessary to evaluate the inter~ 
relationship between the initial load-slip behavior of a rib and the 
initial frictional effects of a rib under a load point. This 
.. 
evaluation was made by investigation of load-slip data for push-
outs and beams. It was eventually found that an effective coefficient 
of friction for a rib under a load point could be modeled as varying 
linearly from an initial value of 0.5 at zero slip to a maximum 
value of 2.0 ~en the slip was equal to three times the slip at 
peak connector capacity. 
The value of 0.5 was selected after consideration of an experi-
mental study on the use of high strength friction-grip bolts as 
h . . b 47 s ear connectors ~n compos~te earns. The study found coefficients 
of friction in pushout specimens varying between 0.470 and 0.479 for 
pre-cast slabs and 0.504 and 0.613 for cast in-situ slabs. Coeffi-
cients in beam tests were higher but may also have been affected by 
the loading arrangement. The occurrence of the maximum value at 
three times the slip at peak connector capacity provided the best 
overall agreement between predicted and measured behavior and also 
insures that a fracture surface had developed at the top of the rib. 
The linear variation between the initial and maximum value was the 
simplest way to make the transition which provided the best agreement. 
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For an investigation of the initial load-slip behavior of 
connectors, the early study of push out tests reported by Robinson4 
was examined. The tests are reported in detail in Ref. 48, where it 
was concluded that the initial stiffness of the load-slip relation-
ship increases with increased rib width and decreases with increased 
rib height, similar to the capacity. 
40 In later tests on ribs with single and double connectors 
Robinson concluded that the initial stiffness of co.nn!=.ctor curves 
,_w...:a::....s:..._;p~r=-o.::.!:.p::..o.;;;.r..;;;.t..;;;i;.;;o...;:.n:..;a;;..;;l.......,t'"'o"--t;:.:h:.:.e.;._=m.:.:a:.:.:~mum c~y_g_Lthe-cennec.t-ion, which is 
in agreement with his earlier conclusions. Thus, it was reasoned 
that a plot of connector force, nondimensionalized by its maximum 
capacity, versus slip for available data might indicate a pattern. 
A similar procedure was reported for l_)ushout tests on specimens 
with solid slabs. 28 The load-slip relationship found for connectors 
in solid slabs can be expressed as: 
-18 2/5 Q/~ax = (1 - e Y) 
where Q is the load andy is the slip in inches. It would also be 
desirable to relate the load-slip behavior of connectors in ribbed 
slabs to that in solid slabs, as was done for connector capacity in 
Section 4.2, since the solid slab case represents a limit that the 
ribbed slab approaches as the ribs get wider and shallower. 
Unfortunately, no pattern emerged at first. Many of the tests 
had very low slips coincident with peak connector capacity. It was 
observed that these tests seemed to be the most deviant of all, 
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tending to be stiffer than the relationship found for solid slab 
tests. However, when the right side of the above load-slip expres-
-18y 2/5 
sion was divided by the quantity (1 - e m) where y is the slip 
m 
coincident with peak connector capacity, a fit with the load slip 
data for connectors in ribbed slabs was found. 
relationship for load-slip data from Ref. 48 is 
A plot of this 
shown i~~ ~~~ 
The initial deviations at low connector loads can be attributed to 
support settlement of the test specimens. 
In order for the above relationship to be useful in predicting 
load-slip behavior, the slip coincident with maximum capacity must be 
known or predictable. A review of the test data indicated that it 
was possible to determine this slip. One of the problems is that 
the connector load-slip relationship begins to plateau as this limit 
is approached producing large changes in slip for~· small changes in 
load. Thus the scatter in maximum slip data is large. Fortunately 
-18y 2/5 
the quantity (1 - e m) minimizes the effect of this scatter. 
Another problem with determining the slip corresponding to 
maximum connector capacity is the manner in which the slip was 
measured during testing. The slip desired i~ the slip between the 
slab and the steel section at the connector. However attempts to 
measure this slip are invariably affected by rib rotation. The most 
common alternative employed is to measure the slip of the slab 
relative to the steel section at the free end of the slab. 
However, several factors influence such measurements. For example, 
in a pushoff test reported in Ref. 49, slip measurements were taken 
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at both the free and loaded end of the slab and considerable varia-
tion was found to exist. The slip at a connector is bounded by these 
measurements. Also, in pushout or. pushoff tests with several ribs 
with connectors, all of the ribs may not fail at the same time. The 
ribs which fail first tend to make the specimen more flexible, 
increasing end slips. This can result in s 1 ight increases in load 
capacity at much larger end slip. In beams this situation is not as 
likely since the end connectors fail first. However, the load-slip 
relationship is affected by friction due to beam loading. Pushout 
and pushoff specimens tend to be more flexible in general than their 
beam counterpar:t,. becau.se of the lack of slab continuity. This 
flexibility tends to result in increased slips. Some investigators 
have used bar clamps to reduce this flexibility. However, seemingly 
small amounts of tightening of these bar clamps can produce large 
clamping forces which result in frictional affects analogeous to a 
beam. 
The problems associated with measuring the true slip at a connec-
tor, in conjunction with the scatter anticipated due to the nature 
of the load-slip relationship, necessitated that considerable judge-
ment and screening of test data be exercised in determining the slip 
coincident with maximum connector capacity. Beam tests with mid-span 
loading which minimizes the frictional effects were used together 
with associated or related pushoff and pushout tests. Eventually a 
predictable pattern was found. 
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It will be recalled that beam B2, which was analyzed in Chapter 
3, had center point loading which minimized frictional affects. 
This beam had single 19.1 mm x 76.2 mm studs in ribs 57.2 mm wide by 
38.1 mm high. The slip coincident with maximum connector capacity was 
found to vary between 1.5 mm and 2.3 mm. The corresponding slip for 
11 pushout tests was found to vary from 1.8 mm to 3.6 mm. For two 
beam tests reported in Ref. 39 with two point loading near midspan, 
end slip at maximum capacity was approximately 1.8 mm. Associated 
pushout tests yielded slips of approximately 2.3 mm. These tests 
utilized single 19.1 mm studs, in ribs 49.2 mm wide by 38.1 mm high. 
14 For beam Bl, test measurements show that 1.8 mm of slip is coin-
cident with the maximum capacity of the end connector. Associated 
pushouts exhibited an average slip of 2.5 mm. Two 19.1 mm x 114.3 mm 
studs were placed in 103.2 mm wide by 76.2 mm high ribs. Other relat-
ed pushout tests with 154.0 mm wide by 76.2 mm high ribs also had an 
average slip of 2.5 mm at maximum load. A beam test reported in 
Ref. 5 with single 19.1 mm x 127".-0 mm studs, in 57.2 mm wide by 76.2 
mm high ribs and two point loading had the slip coincident with the 
computed maximum capacity of the end connector equal to 1.8 mm. The 
only constants for all of these tests was the stud diameter of 19.1 min and 
a slip of approximately 1. 8 rrrrn coincident with maximum connector capacity. 
This indicated that stud diameter could be related to connector -------------~--------------~~~~~~ 
slip at maximum capacity. From Robinson's early study of pushout 
tests with 9.5 mm diameter studs (4), it was observed that the slips 
coincident with maximum connector capacity were approximately 1.0 mm. 
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However for connector capacities near the value of the connector in 
a solid slab, the coincident slip increased. The slip tended to 
increase according to the relationship describing the load-slip 
behavior of connectors in a solid slab. Connector load-slip 
measurements on beams with 19.1 mm diameter studs 50 exhibited the 
same behavior. The upper bound for slip was found to be about 5.1 mm 
which corresponds to the capacity of the connector in a solid slab. 
An empirical relationship describing the above connector 
behavior up to maximum capacity may be expressed as follows: 
2/5 
= (1- e-.709y) /(1 
where Q = load on a connector in a rib 
Qrib = capacity of a connector in a rib 
-. 709y 
m) 
- e 
Qsol = capacity of a connector in a solid slab 
y = slip at the connector in mm 
2/5 
ym = slip coincident with connector capacity in mm 
0 = diameter of stud shear connector in mm. 
(24) 
(25) 
Beyond the slip coincident with maximum connector capacity, the 
load-slip relationship foi a connector in a rib declines at a slope 
of 7008 kN/m (see beam B2 in Chapter 3). Additional test dataS,ll, 
14 50 
' support this fact and indicate the slope is constant for each 
rib regardless of the number of connectors in the rib. 
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The load slip curve continues to decline at the rate of 7008 
kN/m until a minimum value of connector capacity is reached (see 
beam B2). The minimum capacity remains c.onstant with increased 
slip. Analysis of beam tests suggest that the minimum connec·tor 
capacity can be expressed as: 
M 
= _.£.. 
H-h (26) 
where Qmin = minimum capacity of stud shear connector 
M = plastic moment of shank of stud p 
H-h = embedment length of stud above the rib. 
Equations 25 and 26 define the load-slip relationship for a 
stud shear connector in a composite beam with formed metal deck, 
independent of the frictional forces in the slab due to beam loading. 
As shown, these frictional forces can be modeled and taken into 
account when predicting beam behavior . 
. 
4.4 Comparison of Mathematical Models with Test Data 
The connector capacity and load-slip behavior developed in 
Sections 4.2 and 4.3 were used to predict beam behavior in the 
elastic and inelastic regions. This beam behavior was then compared 
with available beam tests. The beams correspond to the spectrum of 
ste.el decks commonly used in composite construction. The ribs of the 
deck varied from 38.1 to 76.2 mm high, with average rio widths 
between 1-1/2 and 2-1/2 times the· rib height. The connectors were 
predominantely 19.1 mm diameter studs but one beam with 12.7 mm 
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diameter studs and another with 15.9 mm diameter studs were also 
examined. Generally, one or two studs were placed in a rib. One 
beam with a 3-stud cluster and another with a 5-stud cluster were 
also examined. Embedment of the connectors above the rib varied from 
38.1 to 76.2 mm. The yield point of the steel in the beams varied 
from 248 to 483 MPa. The loading included uniformly distributed 
~ 
loading along the span, concentrated point loading along the span, 
and concentrated single point loading at midspan. Material and 
geometrical properties of the 14 beam tests examined are described in 
Chapterc2. 
The first comparison is made with beam B211 which was analyzed 
in Chapter 3 (designed 71-17(B2) in Chapter 2). Beam B2 had~ single 
point load at midspan. The steel deck used in this beam had rib 
dimensions of 38.1 mm high by 57.2 mm wide, containing single 19.1 x 
76.2 mm stud shear connectors. The predicted and measured load-
midspan deflection and load-end slip relationships are shown in 
Figs. 50 and 51, respectively. The predicted curves follow the same 
pattern as the measured data points but fall slightly higher until 
large deformations occur. The maximum measured load was 12% less 
than the predicted load. This deviation can be attributed to three 
factors: (1) load relaxation near peak capacity which was not account-
ed for in the predicted behavior, (2) the existence of residual 
stresses which were ignored in the analysis, and (3) variation in 
the predicted connector capacity. 
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The loads reported for beam B2 are the loads recorded after 
relaxation had occurred and a "static" equilibrium condition 
11 developed. When load application is stopped, after nonlinearity 
starts to develop, relaxation of load occurs as deformation continues 
to increase. This condition is analogous to the decrease in yield 
point observed with simple tensile tests and reflects a strain rate 
effect. Some investigators have reported loads and deformations 
after both had stabilized. Other investigators have reported the 
maximum load and the stationary deformation readlngs. The difference 
between these two load levels has been observed to be between 3 and 
8%. 12 , 13 This.difference can be attributed to a corresponding 
relaxation in connector loads. The load-slip curves for the pushout 
tests associated with beam B2 show a relaxation of approximately 12%. 
A 12% decrease in connector capacity results in a 5% decrease in beam 
capacity for beam B2, as shown in Fig. 50 and 51. 
In Chapter 3 it was shown that a 4% drop in flexural capacity 
can be expected for beam B2, due to the presence of residual stresses. 
Residual stresses can be simulated with a bilinear steel stress-strain 
curve (see Fig. 27). This yielded a l~/o.dr9p in flexural capacity in 
Figs. 50 and 51. Hence, over half of the deviation between predicted 
and measured beam capacity can be attributed to load relaxation and 
residual stresses. The balance of the deviation appears to be 
related to variations in connector capacity. 
Except for capacity, the predicted connector load-slip curve is 
the same as that found in Chapter 3 by matching predicted beam 
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behavior with measured behavior (see Fig. 27). The capacity predicted 
for the connectors in beam B2 is 65.9 kN. The capacity found in 
Chapter 3 was 51.2 kN. This amounts fo a decrease of 22%, 12% of 
which is attributable to load relaxation. Thus the deviation 
attributable to connector capacity is 10%. A 10% deviation in 
capacity is quite reasonable for connectors in either ribbed or solid 
slabs. (see Fig. 46 and Ref. 28). Even if the deviation in beam 
capacity of 12% were totally attributable to deviations in connector 
capacity, the corresponding 22% deviation is reasonable. Considering 
that test deviations due to residual stresses and load relaxation were 
not accounted for when predicting beam behavior, agreement with 
experimental data is good. Therefore the connector capacity and 
load-slip models appear reasonable when applied to beam B2. 
The second beam evaluated was beam 1Cl. 8 It is similar to beam 
B2 except for a larger and stronger steel section and a four point 
loading arrangement. The rib geometry is the same. The predicted 
connector capacity is slightly less at 59.2 kN per stud. The load-
deformation plots provided in Figs. 52, 53, and 54 show good agree-
ment between predicted and measured beam behavior. Also, as shown 
by the load-end slip plot in Fig. 53, the beam capacity at large end 
slips is provided mostly by the steel section and the frictional 
forces in the slab, since the connector capacity has decreased to its 
minimlli~ value of 15.6 kN. 
The third comparison is for beam 69-112 which is similar to 
beams B2 and lCl. It has a larger steel section than beam B2 but 
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about the same strength. It had a uniformly distributed load along 
its span, different than both beams B2 and lCl. But it had the same 
rib geometry and shear connection as the previous two beams. The 
predicted connector capacity differed only slightly at 59.6 kN per 
stud. Three load deformation plots are shown in Figs. 55, 56 and 
57. They compare predicted versus measured midspan deflection, 
" 
end slip, and midspan bottom fiber steel strain. Also shown in 
Fig. 58 is the predicted versus measured midspan top fiber concrete 
strains at various load levels. Good agreement is seen td exist 
between the.~.predicted behavior and the experimental data. 
The only similar condition for beams B2, lCl and 69-1 is 
connector capacity and behavior. Agreement between predicted·. 
and measured behavior was good for all three tests. Other beams 
with similar connector capacity and behavior were also compared 
incorporating both double and single connectors in a rib. Agreement 
was found to be equally good. Thus for this rib geometry and connec-
tor combination, the connector capacity, connector behavior and the 
frictional force models provide good agreement with the existing 
experimental data. 
The fourth beam to be examined is 70-3l(D). 13 It has the·;same 
rib geometry as beams B2, lCl and 69-1 but utilized 12.7 mm diameter 
studs in combinations of doubles and singles for the shear connection. 
It was loaded with two concentrated point loads near midspan, so 
the frictional effects were minimal. The predicted and measured load 
deflection and load-end slip plots are shown in Figs. 59 and 60. The 
-83-
agreement is good and supports the applicability of the connector 
models for different stud diameters. 
Beam 1ASR8 is presented next. Beam lASR is similar to beam 
lCl in loading arrangement (see Fig. 1) and the high strength of its 
steel beam. The only major differences are a slightly wider rib 
and a shorter span (see Table 2). The predicted and measure~ load 
deformation plots are compared in Figs. 61 and 62 and show good 
agreement. The predicted capacity was 9% less than the peak beam 
load. The predicted capacity occurs at deformations approximately 
equal to those measured at the peak beam load, emphasizing the 
validity of the connector load-slip model. The shorter span 
increases the concentrated loading and thus increases the frictional 
effects for beams with similar flexural properties. The results of 
beam lASR support the applicability of the frictional force model 
for different spans. 
Two beams, with comparable steel beams and deck were examined 
next. Beams,lA6R and 1C38 had 57.2 mm high ribs that were 114.3 mm 
wide. The only major difference between these two beams is the shear 
connector arrangement. Beam 1A6R had predominantly double studs 
per rib while 1C3 had all singles. Beam 1C3 had no shear connection 
in the ribs directly underneath the load points, although there were 
connectors in adjacent ribs (see Fig. 1). The frictional effects 
were modeled as described in Section 4.3. However, the value for 
the effective coefficient of friction for beam 1C3 was found to be 
one half that stipulated in Section 4. 3. This reflects a dissipation 
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of friction as the distance from the load point increases. 
The agreement between the measured and predicted results for 
beam 1C3 are shown in Figs. 63 and 64. Predicted results for no 
friction effect, half the friction effect, and the~full friction 
effect are shown in both figures. A peak and subsequent decline is 
predicted for all three conditions. ~ The peak load for the condition 
of partial friction is in best agreement with measured capacity. 
Hence the assumed friction transfer is reasonable. However, the 
results suggest that residual stresses are causing an increase in 
flexibility above the working load level. The behavior of the beam 
was also predicted with residual stresses simulated by the bilinear 
steel stress-strain curve shown in Fig. 27. The peak in the ioad 
deformation curves disappeared for the condition of partial friction 
only. The prediction of behavior for other beams with similar low 
degrees of partial shear connection were found to be similarly 
affected by residual stresses. This behavior is attributable to the 
simultaneous occurrence of a peaking or declining slab force and a 
yielding steel beam. Residual stresses prevent this coincidence in 
some instances. Increased flexibility permits the slab force to 
peak first, allowing the rate of increase in steel beam moment to 
offset the rate of decrease in slab force. An increase in flexural 
capacity, with no peaking, results. 
Good agreement between predicted and measured behavior is also 
observed for beam 1A6R in Figs. 65 and 66. The results compared in 
Fig. 63 through 66 indicate that the connector behavior can be 
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adequately modeled for either one or two stud shear connectors in 
a rib. The shear resistance of the connector and frictional effects, 
demonstrated by these and other tests, indicate that the models 
simulate well the behavior of beams with 57.2 mm high ribs. 
A series of beams were also examined which utilize steel deck 
~ 
with 76.2 mm high ribs. First two beams will be examined with 
relatively narrow ribs of 114.3 rom. 14 Beam 67-ll(Bl) had a nominal 
steel yield point of 248 MPa and two concentrated loads near midspan. 
8 Beam 1C2A had a minimal steel yield point of 449 MPa and four point 
loading as shown in Fig. 1. Load-deformation plots are shown in 
Fig. 67 through 70. The agreement between measured and predicted 
behavior is good. In particular the load path predicted for beam 
67-ll(Bl) exhibits a peak and decline comparable with measured 
behavior. This prediction of a peaking load path was similarly 
found for beam 1A5R and verifies the applicability of the connector 
behavior model. The peak capacity predicted for beam 1C2A occurs at 
less deformation than was measured and suggests the influence of 
residual stresses. The beam was also analyzed using the bilinear 
steel stress-strain curve shown in Fig. 27. This improved the 
agreement · between the predicted behavior and the measured test 
results. The residual stresses influenced beam behavior because 
beam 1C2A had a low degree of partial shear connection. Hence the 
flexural capacity was largely dependent upon the behavior of the steel 
beam. 
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Beam lc48 and 70-3l(c) 13 also had decks with 76.2 mm high ribs 
but with average rib widths equal to twice the rib height. As with 
beam 67-ll(Bl), beam 70-3l(C) had a nominal steel yield point of 248 
MPa and two concentrated loads near midspan. Beam 1C4 had a nominal 
steel yield point of 449 MPa and a four point loading arrangement 
similar to beam 1C2A shown in Fig. 1. Beam 70-3l(C) had single 
.. 
19.1 rnm by 127 rnm studs per rib while beam 1C4 had two 19.1 rnm by 
114.3 rnm studs per rib. The agreement between measured and predicted 
behavior is good for both beams, as shown in Fig. 71 through 74. 
The maximum predicted capacity for beam 1C4 occurred at much smaller 
deformations than measured. When residual stress effects were 
considered, the predicted behavior was in better agreement with the 
test data. Furthermore, the residual stresses had a negligible 
influence on the maximum strength of the member. 
Beam TEX(2) 15 was similar to beam 1C4. Pairs of 19 .. 1 rnm by 
139.7 rnm stud shear connectors were used in 76.2 rnm high ribs. The 
loading was the same as that for beam 1C4 but the nominal steel 
yield point was 248 MPa, similar to beam 70-3l(C). The predicted 
and measured load-deflection behavior is shown in Fig. 75. The 
agreement between prediction and experiment is good. As with some 
of the previous beams, the predicted load path exhibits a peak and 
decline which is in agreement with the measured behavior. It is 
evident that the connector load-slip behavior and frictional effects 
are adequately modeled. 
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Two beams with 76.2 mm· high ribs containing stud clusters were 
also examined. Beam 72-12(80) 16 had clusters of three 19.1 mm by 
114.3 mm studs while beam 68-16~{7had clusters of five 15.9 mm by 
127.0 mm studs. Beam 72-12(80) had four point loading along its span, 
similar to beam 1C4. Beam 68-16 had eight point loading along its 
span. The experimental measurements are compared with the predicted 
.. 
behavior in Figs. 76 through 79. The comparisons show good agreement 
for beam 68-16, however, the test data for 72-12(80) shows that the 
predicted behavior overestimates beam capacity by approximately 15%. 
This deviation can be attributed to a substantially lower connector 
capacity than p.redicted. 
The lower connector capacity in beam 72-12(80) resulted from 
the presence of a tensile stress zone extending above the embedment 
length of the studs. Agreement was found to be good between pre-
dieted connector capacity and results of pushoff tests with similar 
rib geometry and number of studs per rib (see Fig. 46). Although 
the cause of the tensile stress is different, the reduced capacity 
of a connector in the presence of tensile stresses is shown in Fig. 
42 to be as much as 50%. The tensile stress zone in beam 72-12(80) 
is typical for composite beams with pattial shear connection and is 
the result of tensile flexural stresses in the slab exceeding the 
compressive axial stresses. The difference with beam 72-12(80) is 
its extremely thick slab (203 mm; 76.2 mm rib and 127 mm cover). Yet 
it utilized a 38.1 mm embedment length typical of a1:140 mm slab. 
Although the depth of the tensile stress zone is predictable, the 
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reduction in the capacity of a connector in a tensile stress zone 
has never been investigated. This is a potential problem area for 
composite beams typically utilized in power plants which have slabs 
several times thicker than that used in beam 72-12(80). Research 
is obviously needed in this area. In the interim, however, it is 
recommended that embedment lengths of connectors extend at least to 
~ 
the mid-depth of the solid portion of the slab. Alternatively, 
following the reductions indicated in Fig. 42 it is recommended that 
the predicted connector capacity be reduced 50% when not embedded 
to the mid-depth of the solid portion of the slab. With the 
exception of connectors embedded in a tensile stress zone, the 
agreement between predicted and measured behavior for beams 68-16 
and 72-12(80) indicates that the connections comprised of stud 
clusters are. adequately modeled. 
The evaluations provided in this section show that the predicted 
behavior of fourteen composite beams with formed steel deck (from 
eight separate studies) is in good agreement with measured test 
behavior. Comparisons made with other experimental data obtained 
from beams listed in Table 2 also demonstrated good agreement. The 
predicted beam capacity is in agreement with test data. In general 
the agreement was equal to or better than that provided by other 
d • 8 stu ~es. Thus the connector capacity, connector behavior, and 
frictional force models exhibit good agreement with existing test 
data and appear to provide an adequate means of predicting actual 
behavior. The inelastic method of analysis described in Chapter 3 
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/ 
has provided a means of estimating the load deformation behavior of 
composite beams with formed steel deck and accurately determining 
their ultimate strength. Thus the analysis can be used to examine 
the general performance of composite beams with formed metal deck 
and assess current design criteria. 
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5. PARAMETRIC STUDY AND EVALUATION OF DESIGN CRITERIA 
5.1 General Description 
Having developed and verified a means of predicting the 
behavior of composite beams with formed metal deck, a parametric 
study was conducted to examine a spectrum of beams commonly 
.. 
employed in composite construction. Using this parametric study, 
an evaluation of current design criteria was also made. 
The parametric study was conducted using the inelastic method 
of analysis described in Chapter 3. The method was developed by 
Ma as reported 1n Ref. 7 and modified by accommodating the 
experimentally observed behavior of a stud shear connection wqich 
attains a peak capacity and then decreases in capacity with 
continued deformation. In Chapter 4 the method was shown to provide 
an equal or better prediction of test beam capacity than that 
provided by other studies. 
This study addresses some variables which can not be evaluated 
using existing experimental dataalone, To accomplish this task 
physical parameters were varied, independently. Further, only 
physical parameters were varied, such as the number and location 
of shear connectors or the strength of the steel beam. Defined 
parameters, such as the degree of shear connection, were not varied 
directly. To do so would prevent the evaluation of the physical 
parameters independently and would result in combined effects which 
may or may not be compensating. Evaluation of the parameters 
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separately enabled an evaluation of cases which combine parameters 
by summing effects. However this approach dictated the analysis of 
composite combinations which do not reflect current composite 
construction practice.·, in some instances. Such instances are 
noted where they occur.. No one can anticipate the ingenuity of the 
designer. What has been attempted is to examine potential areas of 
.. 
concern based on the best information and the best agreement with 
test data available to date. Agreement with existing specifications 
and design criteria are only one area of concern since they reflect 
current practice. 
The parametric study involved three representative cross 
sections. Each of the cross sections was evaluated for beams 'on 
simple spans with two limiting load conditions. Each of the three 
cross sections was examined with two load conditions for a spec-
trum of partial shear connection, ranging from 0 to 100 percent. 
The steel sections were assumed to have a 248.4 MPa yield point and 
light weight concrete slabs with 27.6 MPa compressive strength. 
Several other parameters were examined, i?cluding steel strength, 
span length, and connector spacing. These variables were observed 
to possibly be significant from the analyses and test data described 
in Chapters 3 and 4. Other variables, such as slab strength and 
width, were not examined as the results of the earlier studies 
suggested they had a negligible effect. 
The three beam cross sections shown in Fig. 80 were used for 
this study. The first cross section incorporated steel deck with 
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38.1 mm high ribs in a slab with a total thickness of 101.6 mm. 
The steel section was a Wl2xl9. This cross section is repre-
sentative of beams employed in building construction that span 
distances of approximately 6 meters. It has a relatively large 
slab with respect to the steel section and depends heavily on 
composite action for its substantially larger composite moment 
~ 
capacity. Also, although in geometrically smaller proportion, it 
will behave in a manner similar to larger cross sections employed 
in the nuclear industry, with a 178 mm slab, 76 mm deck and a Wl2x65 
section, for.example. Consequently, many of the results of this 
cross section are applicable to larger cross sections with compar-
able geometric conditions. 
The second cross section considered a 76.2 mm high deck with 
a 139.7 mm slab and a Wl6x50 steel section. Such beams are 
employed in building construction on spans of 9 to 12 meters some-
times incorporating high strength steel. 
The third cross section is typical of wind girders in building 
construction with relatively large spans of approximately 15 meters. 
Because of the large steel section, relative to the concrete slab, 
these girders depend primarily upon the moment in the steel section 
for their strength. The contribution of composite action to 
flexural capacity is minimal. Because of similar geometric rela-
tionship, many of the conclusions drawn about these sections are 
equally applicable to composite girders employed in bridge con-
struction. The sections evaluated utilized a 76.2 mm high deck 
in a 152.4 mm slab with a W27x84 steel section. 
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The two load conditions evaluated were a uniform load along 
the span and a single concentrated load at midspan. These two 
conditions bound the loading spectrum because they produce maximum 
and minimum frictional effects in the slab. 
The frictional effects were modeled as described in Section 
~ 
4.3. This model considered a frictional effect in a rib directly 
under a load point. The additional slab force was assumed equal to 
the product of the applied load over a rib and an effective co-
efficient of friction. The effective coefficient of friction was 
assumed to vary linearly from an initial value of 0.5 at zero slip 
to a maximum value of 2.0 when the slip was equal to three times 
the slip at peak connector capacity. The initial value of 0.5 was 
based on the results of an experimental study with high strength 
friction-grip bolts as shear connectors in composite beams. The 
maximum.value of 2.0 was based on a theoretical consideration of a 
fractured rib surface. The linear variation between the initial and 
maximum values was found to be the simplest transition which provided 
best agreement with test beam results. 
The model may underestimate frictional effects slightly because 
it ignores friction in an unloaded rib due to tension in the shear 
connector. However, for embedment lengths and center-to-center 
spacing of connectors in a rib typical of current composite construe-
tion practice, the full tensile capacity of the connector is never 
developed. Further, the coefficient of friction would not be 
-94-
expected to exceed the value of 0.5 found for friction grip bolts. 
Several test beams are reported in Ref. 2, with solid slabs on a 
steel beam. One (B2-T2) had no shear connectors and the test load 
was applied on top of the member. It developed a maximum moment 
approximately 7 percent greater than the plastic moment of the steel 
~ 
beam, due to frictional forces generated by the load. Three similar 
beams (B4-T2S, -T4S and -T8S) with approximately full shear con-
nection had loads suspended by hangers from the steel beam to 
eliminate any friction force in the shear connection due to applied 
loads. Only one (B4-T8S) met or exceeded its predicted flexural 
capacity, which suggests that frictional forces generated by tension 
in the shear connector are minimal. 
For a concentrated load at midspan the friction effects are 
minimal because the slip at midspan is theoretically zero and thus 
no force is generated. For uniformly distributed load every rib has 
a direct load. However, it was found from the verification run of 
Beam 1C3 in Section 4.4 that the direct load was only half as ef-
fective when there was no connector in a rib under a load point, but 
connectors in ribs on either side of a load_point, 304.8 mm away. 
This indicated that the direct load dissipates from the load point, 
as might be expected. Based on analysis of Beam 1C3, an effective 
direct load may be assumed as a linear dissipation of the actual 
direct load, with 25 percent effect 304.8 mm either side of a load 
point as found for.Beam 1C3. This results in no frictional effect 
406.4 mm either side of a load point, and a 100 percent effect 
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directly under the load point. The frictional effects due to the 
uniformly distributed load considered in this study were assumed to 
result from dissipation in the manner described above. Thus only the 
neighboring direct loads near a rib with a connector, due to the 
uniformly distributed load, were considered effective in friction • 
... 
Ribs without connectors were assumed to have no frictional effects. 
The degree of partial shear connection was varied between 0 
and 100 percent for each of the cross sections and load conditions. 
This provided a spectrum of beam behavior which was.utilized to 
evaluate the influence of the shear connection on composite action. 
This series was used to evaluate current design criteria and limits 
on the degree of partial shear connection. 
The influence of high strength steel was also evaluated. 
Analyses of test beams in Chapter 4 demonstrated that when higher 
strength steel was employed, larger slips resulted prior to 
yielding. This-forced individual connectors to reach their maxi-
mum capacity earlier than the beam. They decreased in capacity as 
the maximum beam capacity was approached. This decreased the slab 
force and its contribution to composite action. It was offset in 
many cases by increased frictional effects. An evaluation is 
desirable to assess its relative significance. The higher strength 
steels considered had 345.0 and 448.5 MPa yield strengths. 
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The significance of span length was evaluated and described 
as well as the effect of connector spacing. Theory indicates that 
b h ld h ff b b h . 18 ot wou ave an e ect on earn e av1or . However, neither 
has ever been investigated with respect to behavior or. flexural 
capacity. Additionally, adverse behavior resulting from increased 
connector spacing because of the localized overturning moment at 
.. 
the connector was evaluated and described. The problem of slab 
uplift, as affected by connector spacing, was also addressed. In. 
addition, connector spacing within a rib was evaluated from the 
capacity equation developed in Chapter 4. 
The results of these studies were used to evaluate current 
design criteria and specifications. Formulas in the 1979 AISC 
Specification for Steel Construction for effective moment of 
inertia and section modulus were compared with the results from 
51 
the parametric study Similarly, the formula in the speci-
fication for connector capacity was examined, as well as limits 
for the degree of partial shear connection. An effective section 
modulus with respect to the top fiber slab stress, which is not 
contained in the Specification, was developed and evaluated with 
the results of the parametric study. 
5.2 Partial Shear Connection 
To evaluate the relative influence of the shear connection 
on composite action, the three cross sections shown in Fig. 80 were 
analyzed for varying degrees of partial shear connection. The 
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shear connection for each beam was defined by the load-slip 
relationships shown in Fig. 81. These curves were developed from 
the relationships given in Chapter 4 for the geometrical and 
material properties of the shear connection. The degree of partial 
shear connection was defined relative to the maximum connector 
strength. Figure 82 shows the stud shear connector layout and the 
.. 
degree of partial shear connection expressed as a percentage of the 
strength of the steel section, as it was found to control all 
cases. The stress-strain relationship for the concrete slab was 
assumed to follow the nonlinear relationship provided by curves 2 
or 3 in Fig. 15. The stress-strain relationship for the steel beam 
was assumed to follow curves 1 and 4 in Fig. 17. No residual stress 
effects were considered. 
Typical results are summarized on the moment-degree of shear 
connection plot shown in Fig. 83. Results for cross 
section 1 are summarized but are representative of the other cross 
sections as well. The maximum moment was governed by failure of 
the shear connectors in all cases. The concrete slab was never 
observed to reach its crushing limit. The steel beam was not 
limited to its yield strength because it was assumed to strain 
harden. The 
in the steel 
working 
/ beam as 
load moment was defined at two-thirds of yield 
it governed in all cases. Results for both 
load cases are shown. 
It is to be noted that the purpose of presenting the working 
load moment in Fig. 83 is not to emphasize an allowable stress 
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design approach. The purpose is to show how the degree of shear 
connection affects elastic behavior and its interrelationship with 
flexural capacity. The working load moment is a commonly accepted 
measure of elastic behavior. Design criteria will be addressed 
in Section 5.6. 
One feature shown in Fig. 83 is the fact that the maxifuum 
moment for the beam under concentrated load was always equal to or 
greater than its uniformly loaded counterpart. This difference 
was found to vary with the degree of shear connection to a maximum 
value less than 10 percent at full connection for all cases. The 
reverse was found to be true for the working load moment, the 
yield moment and the moment at strain hardening. The latter·would 
be expected because for the uniform load case, frictional 
effects were apparent which improve the strength of the shear 
connection. 
The deviation at maximum capacity was examined by consid-
ering the bottom fiber steel beam yield strain. The yield moment 
for the uniformly loaded case is greater than for the case of 
concentrated load at midspan. Conversely, s_ince moment is 
approximately proportional to strain, the strain for the concen-
trated load case is greater than for the uniform load case, 
at a moment of similar value. Thus for a moment equal to the 
yield moment of the uniformly loaded beam, the strain in the beam 
with concentrated load is beyond yield. As moment would continue 
to increase at the same rate in both beams, strain hardening would 
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therefore occur first in the beam with a concentrated load. This 
earlier strain hardening is not affected by the length of the 
local yield band as it would be in a steel beam alone. The 
outer limits of the yield band are defined by the yield moment. 
For a steel beam alone, these limits are set by moment gradients 
associated with different load conditions. For a composite beam, 
... 
such different limits are offset by the different yield moments 
for different load conditions, due to frictional effects. Near 
the ultimate capacity of the beam, when the shear connection 
finally develops its full capacity and begins to decrease, more 
moment has been developed in the steel beam of the composite 
section with the concentrated load than in its uniformly loaded 
counterpart due to more strain hardening. This additional steel 
beam moment is greater than the additional capacity provided by 
increased shear connection strength due to friction in the 
uniformly loaded beam. Hence the concentrated load case results 
in no reduction in flexural capacity. 
The predicted maximum capacity was developed at all levels 
of shear connection. This is supported by the beam tests reported 
in Ref. 8 which had partial shear connections as low as 15 percent. 
However, the most efficient level of shear connection appears to 
be about 30 percent. Figure 84 shows the moment capacity less 
the steel beam strength nondimensionalized by the capacity at full 
connection less the steel beam strength, as a function of the 
degree of shear connection. Results are shown for both the uniform 
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and concentrated load cases for the type 1 cross section. These 
are representative of the other cross sections investigated. A 
similar plot for the working load moment is shown in Fig. 85. The 
maximum deviation from a linear relationship in both plots 
represents the most economic gain in flexural capacity in terms 
of numbers of shear connectors utilized. It can be seen to occur 
.. 
at approximately 30 percent of full connection for both the 
working load and ultimate strength. However it is not significant 
for ultimate strength. Further, the optimum shear connection may 
not result in the most economic overall design, particularly if 
a larger steel. section may be required to achieve the design 
moment. It is noted that a range between approximately 20 and 60 
percent exists which provides both a shear connection near 
optimum and flexibility for optimum overall design. 
The most important aspect of flexural capacity that needs to 
be evaluated when considering limits of the degree of shear 
connection ·is that of safety. Safety is evaluated in terms of 
strength and ductility. It is apparent from both theoretical 
and experimental studies that the flexural capacity can be 
developed for very low degrees of shear connection. How this 
flexural capacity relates to the moment the beam would be 
designed to carry reflects safety with respect to strength. The 
working load moment based on allowable stresses in the steel 
beam or concrete slab is a commonly accepted moment for design10 . 
The ratio between the flexural capacity and the working load 
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moment then reflects the factor of safety with respect to strength. 
Such safety factors, relative to an allowable stress of two-thirds 
yield in the steel beam or 45 percent of the compressive strength 
of the slab, are shown in Fig. 86 as a function of the degree of 
shear connection for the three cross sections and two load cases 
considered. 
Figure 86 demonstrates·the variability in the factor of safety 
inherent with.allowable stress design. Certain cross sections are 
penalized, which affects economies in construction .. More impor-
tantly some cross sections provide low safety factors at low 
degrees of shear connection, below that specified for a steel beam 
10 
alone • These observations are also supported by an analysis 
reported in Ref. 8. Thus it would appear that a design based on 
flexural capacity rather than allowable stress is a more rational, 
equitable and economic approach. Further, designs based on allow-
able stresses need be limited to shear connections greater than 
25 percent to insure a minimum factor of safety for some composite 
cross sections. 
Another means of evaluating safety in terms of shear 
connection is ductility. Some beams achieve maximum capacity and 
subsequently decline in load capacity with continued deformation. 
The safety factor required for this type of beam behavior is 
difficult to determine. The maximum or peak capacity that the 
beam is capable of resisting represents an overload that the beam 
should never see in its lifetime. The beam is ductile but at a 
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substantially lower load. On the other hand the ductility at beam 
capacity is low for some beams and may represent an intolerable 
condition if redistribution is required. The ductility at beam 
capacity was investigated for a concentrated load at midspan and 
.. 
is shown in Fig. 87. In this plot the midspan deflection at peak 
capacity, nondimensionalized by the deflection at working load, is 
shown as a function of the degree of shear connection. Only 
deflection ratios for beams with concentrated load are shown since 
the ratios for. beams with uniform load were always greater. It is 
evident that a ductility ratio of 10 exists at about 50 percent 
shear connection and a minimum ratio of about 5 occurs for lower 
shear connections, independent of the type of cross section. It 
should be pointed out that residual stress effects were ignored in 
this investigation. They were found to favorably affect the 
ductility and insignificantly affect the flexural capacity of the 
beams analyzed in Chapter 4. 
To summarize, it has been shown that the more severe concentra-
ted load condition at midspan results in a slightly higher flexural 
capacity than a uniform load. This occurs because more strain 
hardening is developed in the steel beam. The difference in 
cap~city never exceeds 10 percent and bounds the spectrum of 
loaciing conditions that a composite beam will encounter. It has 
also been shown that there is no need for a lower limit on the 
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degree of shear connection for the purpose of developing flexural 
capacity. It was demonstrated that the most efficient level of 
shear connection is about 30 percent of full connection but a 
range of 20 to 60 percent is near optimum. It was also shown 
that a lower limit of 25 percent shear connection would be 
desirable for design loads based on allowable stress criteria if 
-.; 
the same margin of capacity provided by the steel beam is 
desired. A similar limit would serve to insure adequate 
ductility of composite members. For designs based on flexural 
capacity no limits are needed because a more uniform condition 
for all degrees of shear connection is provided. 
5.3 Steel Strength 
In Chapter 4 it was noted, by comparison of beams B2, lCl and 
69-1, that increased slips of the slab relative to the steel beam 
occur when high strength steel is employed. These increased slips 
result in the connectors reaching their capacity earlier. At 
maximum flexural capacity, the slab force may decrease in a 
composite beam incorporating high strength steel, unless friction 
effects compensate for the loss in shear connection capacity. Such 
reductions in the strength of the shear connection may reduce the 
flexural capacity. 
The composite cross section combinations examined for the 
basic series, showed that the type 1 cross section would be the 
most affected because the relatively large slab to steel beam 
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ratio forces the flexural capacity to be heavily dependent upon 
composite action. Thus a type 1 cross section with a 66 percent 
shear connection was selected for evaluation. The steel strength 
was the only parameter varied. Steel yield strengths were increased 
from 248.4 MPa to 345.0 and 448.5 MPa. This resulted in decreased 
shear connections to 48 and 37 percent, respectively, because the 
number and location of the shear connectors did not vary. 
Only the steel yield was varied to minimize interaction of par-
ameters which would obscure the meaning of the results. Keeping a 
constand degree of shear connection, as might be done in practice, 
would introduce other parameters such as connector spacing or span 
length which affect composite behavior. 
For evaluation of the type 1 cross section with frictional 
effects due to different loading conditions, both a concentrated 
load at midspan and a uniformly distributed load were considered. 
These bound the minimum and maximum frictional effects. 
For comparison, a type 3 cross section with 75 percent shear 
connection was also analyzed but results are not presented. This 
provided information about the other end of-the spectrum of composite 
section combinations, which is not as heavily dependent upon com-
posite action for its flexural capacity. Because of the relatively 
small slab to steel beam ratio, the flexural capacity is more 
dependent upon the contribution of the steel beam with a type 3 cross 
section. 
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Figure 88 shows a plot of the maximum flexural capacity, non-
dimensionalized by the plastic moment of the steel section, as a 
function of steel strength for both .the concentrated and uniform 
load cases for type 1 cross section. The flexural capacity is 
shown relative to the flexural capacity that would exist for the 
same beam but with a 248.4 MPa steel yield point and the same degree 
of shear connection. It is apparent that the flexural capacity 
remains proportional to the yield point for the uniform load cases 
but drops off-for the concentrated load case. The decrease is about 
3-1/2 percent for the beam with 345.0 MPa steel strength and 7 per-
cent for the beam with 448.5 MPa steel strength~ The decrease is 
due, in part, to a decrease in the slab force at maximum flexural 
capacity resulting from increased slips at the slab-beam interface 
and is significant enough to nullify the favorable strain hardening 
effects noted in Section 5.2. For the uniform load case the 
decrease in slab force is compensated by increased frictional effects 
due to increased direct loads on the concrete slab resulting from 
increased steel strength. 
Because the degree of shear connection was held constant for the 
results shown in Fig. 88, the results are affected by connector 
spacing as well, It can be shown from Section 5.5 that the equiva-
lent increase in connector spacing required to maintain a constant 
degree of shear connection in the beam with 248.4 MPa steel 
strength, relative to the beam with 448.5 MPa steel strength, 
results in a 4 percent increase in flexural capacity. Thus the 
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contribution to the 7 percent decrease in flexural capacity noted for 
the concentrated load case above, due to a decrease in the slab force, 
is only 3 percent. 
Figure 89 shows the live load moment as a function of the mid-
span bottom fiber steel beam streain for the three levels of steel 
strength and the two load conditions. For this plot, only ~he steel 
strength was varied, resulting in the decrease in the degree of shear 
connection noted previously. Just prior to yield, the moment-strain 
relationship is linear, independent of steel yield or loading condi~ 
tion. The slope of this linear portion of the curve reflects an ef-
fective section modulus of the composite section. The fact that mo-
ment increases linearly with strain for the different degrees, of shear 
connection indicates that the effective section modulus is unaffected 
by the degree of shear connection, as the steel strength is increased. 
The fact that the moment increases linearly with strain also 
indicates that the factor of safety for allowable stress design as 
examined in Section 5.2 would decrease for some load cases, since the 
flexural capacity does not increase in proportion with steel strength. 
The formula for effective section modulus given in the AISC Specifi-
cation, which will be elaborated upon in Section 5.6, provides a 
variation with the degree of shear connection which underestimates 
the effective section modulus and thus compensates for the decrease 
in the factor of safety. 51 
In Fig. 89 the slab force at working load has increased due to 
increased slip at the slab beam interface, in proportion to the 
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steel strength. Thus an effective degree of she~r connection re-
mains constant even though-the computed degree of shear connec~ 
tion is reduced. Consequently the effective section modulus 
remains constant. The increased slips cause a decrease in the 
slab force at maximum load and thus decrease the flexural capacity. 
The increased slips at both the working load and the maximu~ load 
are evident in Fig. 90. In this figure the live load moment is 
plotted against the end slip of the slab relative to the end of 
the steel beam. Both load conditions and the three levels of 
steel strength are plotted. As for Fig. 89, only the steel strength 
was varied in Fig. 90. 
The effect of these slips is shown in Fig. 91, where the 
slab force at midspan is nondimensionalized by the number of 
connectors times the maximum connector force and plotted against 
the degree of shear connection. Results for the three steel 
strengths and both load conditions are shown. The decrease in the 
slab force, noted earlier in the discussion of Fig. 88, for high 
strength steel without frictional effects is apparent as is the 
increase associated with increased frictional effects. At 
maximum flexural capacity, the reduction in slab force at 448.5 
MPa yield compared to the number of connectors times the maximum 
connector force is 14 percent. This results in an additional 5 
percent reduction in the degree of shear connection. Thus the 
effective degree of shear connection at 448.5 MPa yield is 32 
percent, not the 37 percent associated with increasing the steel 
yield. An analogous reduction was observed for the type 3 cross 
-108-
section as well. A reduction of 5 percent in the shear connection 
is not very significant as can be seen in Fig. 83. In this plot, 
for example, a 5 percent reduction in shear connection results 
in a 7 percent reduction in flexural capacity 4 percent of which 
can be attributed to connector spacing as noted earlier. Thus it 
may be concluded that reductions in flexural capacity associated 
'i 
with utilization of high strength steels in composite beams is of 
negligible concern. However, it is to be noted that, from the 
results of Sections 5.3, 5.4, and 5.5, combinations of high 
strength steel, long spans and close connector spacing could 
result in reductions in flexural capacity of approximately 10 
percent. 
5.4 Span Length 
If the effective properties, both elastic and inelastic, of 
the composite cross section remain constant, varying the span length 
of a composite beam should have no effect upon the beam's behavior. 
For example, a family of moment-strain curves should show no 
variance for different spans if the effective section modulus and 
the effective plastic modulus remain constant. However, elastic 
theory dictates that varying the span length should affect beam 
behavior 18 . Also test beam results suggest that flexural capacity 
8 
may be affected by span 
To evaluate the effect of varying the span length, a type 1 
cross section was analyzed with a 66 percent shear connection for 
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spans of 4.6, 6.1 and 7.6 meters. The type 1 cross section was 
selected because its behavior is more heavily dependent upon com-
posite action than the other cross secti.on types, as explained pre-
viously. Only a concentrated load at midspan was considered to 
minimize frictional effects. The beams were analyzed as if shored 
during construction such that the composite section carried the 
.. 
entire moment including dead load. Since span length affects dead 
load strains, shored beams had to be analyzed to prevent premature 
yielding and deformations which would also affect beam behavior. 
The usual solution for larger spans, is to increase the 
steel section to carry the increased dead and live load moment. 
This would result in different composite cross sections, such as 
analyzed in the basic series which were found to perform adequately. 
Alternatively, the same steel section can be used with a higher 
yield point. This procedure introduces another variable which was 
previously evaluated in Section 5.3 and to which variable span 
effects would have to be added. Finally increased spans might 
introduce increased shear connector spacing which introduces yet 
another variable which has yet to be considered. For this evalua-
tion of span effects, the spacing was assumed to have no effect 
and thus varied in proportion to span. Elastic theory indicates 
that span effects are more pronounced if spacing is kept 
18 
constant Before any of the above combinations associated 
with normal construction practice can be evaluated, the separate 
effects of span length need to be determined. 
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The effects of varying the span length on flexural capacity 
can be seen in Fig. 92, where the maximum moment is nondimension-
alized by the plastic moment of the steel section and plotted as a 
function of the span lengths considered. The flexural capacity 
decreases slightly as span length is increased. This is confirmed 
by test observations as described in Section 4.5 for some ~f the 
verification runs, particulary beam 1A5R which has a span 16 percent 
shorter than related beams reported in the same study8 It is 
evident that flexural capacity is only minimally affected by span 
length. Only a 4 percent variation in flexural capacity is shown in 
Fig. 92. From the examination of connector spacing conducted in 
Section 5.5, it can be shown that the variation in flexural capacity 
due solely to span length effects is 6 percent. 
Figure 93 shows a plot of the midspan moment as a function of 
the midspan bottom fiber steel beam strain for the three spans con-
sidered. The PU.rpose of the plot is to show behavior prior to strain 
hardening. Consequently the strain at maximum flexural capacity · 
could not be shown~ The capacities indicated at high strain in Fig. 
93 do not reflect the maximum capacities. It is evident that the 
working load moment, the yield moment and the moment at strain 
hardening all increase slightly with span. This is the reverse of 
the situation at maximum flexural capacity. This phenomenon occurs 
because the slab force is larger for longer spans. This larger slab 
force causes less strain in the steel beam for the longer members. 
Hence, the working load moment, the yield moment and the moment at 
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strain hardening increase as is evident in Fig. 93. When the shear 
conne.ctors finally develop their full capacity and begin to decline, 
the maximum flexural capacity of the beam is being approached. 
Because of more strain hardening, the moment in the steel section of 
the shorter span beam is larger than that of the larger span beam, 
resulting in a larger maximum flexural capacity for the shorter span 
beam, as indicated in Fig. 92, 94 and 95. 
In Fig. 94, the midspan moment is plotted as a function of the. 
midspan deflection divided by the square of the span length for the 
three spans considered~ This plot eliminates span length as it 
affects deflection directly enabling an evaluation of span length ' 
effects on rigidity of the composite beam. It is seen that rigidity 
improves with span length. The reasons behind this effect are 
provided by elastic theory and are associated with the larger slab 
18 force characteristic of longer spans It is evident, however, that 
span length effects on rigidity are slight. 
Finally, midspan moment is plotted against the end slip of the 
slab relative to the end of the steel beam in Fig. 95. It is 
apparent that end slip increases with span length. Similar behavior 
is reported in Ref. 52. This behavior can be explained by elastic 
18 theory and is due to larger connector forces and the larger 
spacing associated with the larger span lengths. Increased slip for 
larger spans causes increased slab force because it increases the 
force per connector. This increased slab force causes decreased 
flexural capacity as explained previously. The phenomenon is 
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somewhat analogous to the case when high strength steel is used. 
Although span length appears to affect end slip more than any of the 
other behavior noted, the effect is still small. Consequently, it 
may be concluded that span length has a negligible effect on the 
reported composite beam strength and behavior but may not be 
negligible for extremely long spans. 
5.5 Connector Spacing 
Elastic theory indicates that the slab force and, thus, 
deformations are affected by spacing of connectors along the span 
18 
of a composite beam . The AISC Specification for Steel Construe-
tion, based on adverse beam test behavior, limits connector spacing 
51 to slightly less than a meter A type 1 composite cross section 
with 66 percent shear connection was used to evaluate the effects 
of connector spacing. Only a concentrated load at midspan was 
considered, to minimize frictional effects. Connector spacing was 
increased from 304.8 mm, for the basic series, to 609.6 mm, 
1219.2 mm, and 1524.0 mm. Span length was held constant. 
Connector strength and behavior described in Fig. 81 was in-
creased in proportion to span such that the slab force would remain 
constant at the connector locations. This does not reflect a 
practical connection for the two largest spacings. Special con-
nectars would have to be developed to meet the assumed strength and 
behavior. There are physical limits to the amount a connection at 
one point along the span can be increased. Further, elastic theory 
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indicates that slab force would not remain constant even if con-
. 18 
nector strength and behavior were increased oroportionally • 
However, the above approach was decided upon because alternate ap-
preaches would introduce other variables such as degree of shear 
connection and/or span length and because the effect of connector 
spacing on slab force was not known a priori. 
In Fig. 96, maximum flexural capacity is plotted versus con-
nector spacing. It is indicated that flexural capacity increases 
as connector spacing increases. This is an erroneous indication 
resulting from limits of the computer model used in the analysis. 
If localized failures~ which are not predictable with the computer 
model, were not to occur, flexural capacity would, in fact, increase 
with connector spacing. The reason flexural capacity would in-
crease is analogous to the reason that flexural capacity for beams 
with concentrated load at midspan was observed to exceed that for 
beams with uniform load. As with the concentrated load case, for 
larger connector spacing the slab force is smaller, all other 
things being equal. With smaller slab force, strain hardening 
ensues sooner along the load path. Thus as the slab force reaches 
its maximum capacity, as limited by the shear connectors, the moment 
in the steel beam is larger, resulting in a larger maximum flexural 
capacity. Unfortunately, localized failures at the ends of the 
slab, resulting from overturning moments at the end connectors, 
cause premature failure of the slab and prevent the full development 
of the flexural capacity. It is noted that the contributions to 
-114-
flexural capacity cited in Section 5.3 and 5.4; due to connector 
spacing, were derived from the 4 percent increase indicated in 
Fig. 96 when the spacing was increased from 304.8 mm to 609.6 mm. 
In Fig. 97 the midspan live load moment is plotted as a 
function of the midspan bottom fiber strain in the steel beam. It 
appears in Fig. 97 that connector spacing has negligible effect 
prior to the yield strain. This is due to the scale of the strain 
axis in the figure. The slope of the curve as plotted in Fig. 97 
reflects an effective section modulus of the composite section. It 
was found that the effect of connector spacing on effective section 
modulus is significant. Increased spacing results in increased 
strains at the same moment, as might be expected. However, the 
increase is not significant except for the largest spacing of 
1524.0 mm. The increases are due to smaller slab forces associated 
with larger connector spacings. This results in more strain 
hardening in the steel beam as the slab force reaches its maximum 
capacity. This, in turn, results in a larger maximum flexural 
capacity, which is also evident in Fig. 97. 
In Fig. 98 the live load midspan moment is plotted as a 
function of the midspan deflection, for the four connector spacings 
considered. The slope of curves plotted in Fig. 98 reflects the 
stiffness of the composite beams. It was found that, at working 
loads, the effects of connector spacing on beam stiffness are 
significant. Generally, the stiffness tends to decrease as con-
nector spacing increases, as might be expected. Exceptions along 
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18 the load path can be explained by considering elastic theory . 
When an increase in connector spacing produces a larger relative 
decrease in slab force, elastic theory shows that deflections 
decrease. 
In Fig. 99, the live load moment at midspan is plotted 
against the end slip of the slab relative to the end of the steel 
beam. This plot shows the most pronounced deformations observed 
with increased connector spacing. Generally slips decrease with 
increased spacing at the same moment. This reflects the decreased 
slab force and thus the decreased connector forces associated with 
increased spacing. As with deflections, exceptions along the load 
path are explained by elastic theory. When an increase in connector 
spacing produces a smaller relative decrease in the change in slab 
force along the span, increased slips result. The end slip at 
maximum flexural capacity is also generally larger with larger con-
nector spacing and larger flexural capacity. The single exception 
at 1524.0 mm spacing is due to a dramatic shift of load and slip to 
the sole interior connector in the shear span during loading. As 
noted earlier, however, the above predicted behavior near the 
maximum flexural capacity is not representative of actual behavior 
because localized failures in the slab due to overturning moments 
at the end connectors are not reflected in the prediction of beam 
behavior and strength. 
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Although the computer model used for the study was not developed 
to predict localized failures in the slab due to overturning moments 
at the end connectors, the free body diagram shown in Fig. lOOa of 
a rib in the slab containing a connector demonstrates how these 
localized failures could be predicted. Equilibrium of moments dictates 
that: 
Qc - M_ s:. -13 V.6.X+Ll.M s s 0 (27) 
but from Eq. 7, Chapter 3: 
(28) 
From assumption (1) in Chapter·3, the change in slab force 
along the length of the beam is equal to the force on the connector 
divided by the spacing between connectors. Thus the component of 
shear in the slab may be expressed as: 
v 
s 
Lli-1s Q 
=--+-C ll.X S s 
Combining Eqs. 27 and 29 at 6X = 0 yields: 
From Fig. 41, Chapter 4, it can be reasoned that: 
Qc 
0.::_~.::.---t-
Thus, from Eq. JO: qc 
·, s < L'01 < - Qc 
2 s s 
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(29) 
(30) 
(31) 
(32) 
-The resulting moment gradient in the slab is shown schematically 
in Fig. lOOb. When the negative moment at the end of the slab is 
sufficiently large to overcome the compression due to the slab 
force, tensile cracking of the slab will ensue and eventually result 
in reduced flexural capacity due to slab deterioration and a 
weakened shear connection. 
Figure 101 shows the midspan moments at which tensile cracking 
of the end of the slab would commence as a function of connector 
spacing. A range of moments is given for the overturning moment 
governed by Eq. 32 above. It is evident that the moment at which 
tensile cracklng commences drops off dramatically with increased 
connector spacing. It is also noticed that the spacing limit of 
approximately 1 meter imposed by the AISC Specification51 prevents 
tensile cracking below the working load. 
Another problem related to longitudinal spacing of connectors 
is uplift of the slab. This problem is most evident near the 
midspan of a composite beam subjected to several concentrated loads 
as shown in Fig. 102a. Between the innermost load points, outside 
of the shear span, the shear transfer by connectors is very low, 
although not zero as is often assumed for design. Yet, if connectors 
are excluded from this portion of the span, substantial uplift of · 
the slab may occur. Thus while not absolutely necessary for shear 
transfer, connectors are needed to anchor the slab to the steel 
beam. 
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A free body diagram of this portion of the slab, with connectors 
at the ends only, is shown in Fig. 102b. The slab moment and curva-
ture are constant for this portion of the slab. Thus the opening 
angle, 8, between the ends of this portion of the slab is equal 
to the curvature ¢, times the spacing, s. Also the angle of 
inclination for the slab force at the ends of the slab is 8/2. 
A second free body diagram of half this portion of the slab 
is shown in Fig. 102c. The constant slab moment, M , has been 
s 
excluded from both ends of the diagram for clarity. Because of the 
angle change, and assuming a small angle change, the slab force 
and slab shear at the center can be written as follows 
F = F cos 8/2 ~ F 
c 
v 
c 
F sin 8/2 
Summing moments about the center, the slab moment which must be 
developed is 
M F62 cos8/2 
~ F62 c 
However it is also evident that 
61+62 
tan8/2 8 
s/2 
~ ~ 
2 
and, 61 R - R cos 8/2 ~ 0 
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and, 
But, 
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and, 
3 N Q s 2 M 
M ~ --------~-s_ 
c 16 E t 4 
s s 
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s 
. The above relationship indicates that the spacing between 
connectors is a function of the square of the slab thickness. 
Assuming (1) that the developed slab moment were limited to the 
slab moment due to curvature, such that there would be zero bending 
stress acting at the center, (2) that the number of studs in the 
shear span were 20, which is a representative number, and (3) that 
28 the shear connector strength were equal to that for a solid slab , 
it can be shown that the maximum spacing between connectors would 
be about 1 meter for a 64 mm slab thickness and about 2.5 meters 
for a 100 mm slab thickness. However, the criterion is not the 
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amount of slab moment developed, but the permissible uplift. Thus 
the developed slab moment may only equal a fraction of the slab 
moment due to curvature. In lieu of a more precise analysis, it 
would appear that a limit of 1 meter would be appropriate. This 
limit is in agreement with the AISC Specification51 
All of the previous discussion pertained to spacing of con-
nectors longitudinally along the beam. It would be appropriate 
at this point to address transverse or center-to-center spacing of 
stud shear connectors in a rib as well. It is apparent from Eq. 22 
in Chapter 4, that connector capacity in a rib is maximized when 
the area of the tensile shear cone above the rib is a maximum. 
0 For a 45 shear cone, this would occur between two connectors, when 
spaced approximately twice the embedment length of the connector, 
into the slab, above the rib. 
In conclusion this study suggests that connector spacing along 
the beam has a negligible effect on the behavior of composite 
beams. However to prevent localized failures which affect develop-
ment of the full flexural capacity of a composite beam, longitudinal 
connector spacing should be limited to 1 meter. It should be noted 
that connector strength was increased in proportion to connector 
spacing for this study. Thus the above limit on connector spacing 
is not necessarily applicable to beams with large spacing and low 
degrees of shear connection. In lieu of the 1 meter limit, a check 
for tensile cracking in the slab, at the design load, due to the 
larger overturning moment defined in Eq. 32, should serve to insure 
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adequate connector spacing. For hold down, a spacing of 1 meter 
appears reasonable. For transverse or center-to-center spacing of 
stud shear connectors within a rib, spacing should not be less than 
twice the embedment of the stud in the solid portion of the slab 
above the height of the rib. 
5.6 Design Criteria 
In this section the results of the parametric study will be 
used to evaluate current design criteria. A simple plastic theory 
of ultimate beam strength2 ' 8 will be compared with the flexural 
capacity determined from the results of the parametric study. 
Specification provisions for effective moment of inertia and 
section modulus will also be compared with the results of the 
study. These results will also be used to evaluate the section 
modulus with respect to the top of the composite section. Finally 
specification provisions for connector capacity will be compared 
with the results. 
In 1965, Slutter and Driscoll developed a simplified plastic 
2 theory for the ultimate strength of composite beams • The theory 
served as the basis for the ultimate strength design procedures for 
composite beams adopted by AASHTO in 1971, as part of the load 
factor design criteria1 . In 1977, Grant, Fisher, and Slutter 
recommended a slight modification for composite beams with formed 
8 
metal deck . Based on test results they found better agreement 
with theory when the slab force was assumed to act at the centroid 
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of the solid portion of the slab above the top of the ribs rather 
than at the center of the concrete stress block. Strain measure-
b f . d h' . 5 ments on a test earn con ~rme t ~s assumpt~on 
The flexural capacity for the three types of composite cross 
sections is plotted against the degree of shear connection in Fig. 
103 for concentrated and distributed loads. Also plotted is the 
ultimate strength using simple plastic theory and the two locations 
of the compression force. All values of moment capacity in the 
plot are nondimensionalized by the plastic moment of the steel 
section. 
It is evident that as full shear connection is approached the 
unmodified Slutter and Driscoll theory provides a better prediction 
of flexural capacity as defined by the results of the parametric 
study. At worst it underpredicts flexural capacity by 12 percent, 
while the modified theory underpredicts by 19 percent. For low 
degrees of partial shear connection, the modified theory provides 
a better estimate of capacity. At worst it overpredicts by 6 
percent, while the unmodified theory overpredicts by 9 percent. 
Thus it would appear that the unmodified theory provides a better 
overall estimate, having a total variance of 21 percent, while the 
total variance for the modified theory is 25 percent. However the 
difference is slight and it is noted that the modified theory is 
more conservative. It should also be pointed out for many composite 
beams with formed metal deck, a full shear connection cannot be 
developed because of a limiting number of ribs. 
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It was found that the slab force does tend to act near the 
center of the stress block assumed with the unmodified plastic 
theory. Figure 104 shows the location of the slab force as a 
function of the degree of shear connection for the type 1 composite 
cross section. In the plot the slab moment at maximum flexural 
capacity is divided by the slab force and added to the difference 
between the center of the slab and the neutral axis of the uncracked 
portion of the slab. This quantity is then nondimensionalized by 
half the thickness of the solid portion of the slab. The eccentri-
city of the slab force relative to the center of the slab is, 
therefore, described as shown in the inset. Also shown in the plot 
is the equation which governs the location of the slab force if it 
were to act at the center of the concrete stress block. Clearly, 
the slab force acts more near the center of the concrete stress 
block. The other composite cross sections exhibited similar results. 
The deviation from the plastic theory, modified or unmodified, 
can be attributed to strain hardening effects for the higher degrees 
of shear connection and incomplete development of the fully plasti-
fied section at lower degrees of shear connection. The agreement 
found in Ref. 8 with the modified theory was undoubtedly also 
affected by the capacity of the shear connection developed, as will 
be shown later. For the AISC limit of 25 percent shear connection, 
which approximately coincides with the most efficient level of shear 
connection, the worst overprediction by the unmodified theory is 
only 9 percent. At higher degrees of shear connection the unmodified 
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theory compensates for the effects of strain hardening with an 
increased lever arm. Thus, provided the strength of shear con-
nection is correctly described, the unmodified theory provides the 
best prediction of flexural capacity. 
The AISC Specification provides an effective moment of 
inertia in order to estimate deflections for partial shear 
connection51 • This expression, developed in Ref. 8, varies 
the effective moment of inertia as the square root of the degree 
of shear connection between the moment of inertia of the steel 
section alone. and that of the transformed composite section. This 
design criterion is compared with the results of the parametric 
study in Fig. 105. 
The moment of inertia was determined from the expression for 
deflection for a simple beam using the working load moment and its 
corresponding deflection. It is shown in nondimensional form as 
a function of the degree of shear connection. The resulting 
computed moment of inertia was reduced by the moment of inertia 
of the steel section alone and divided by the difference between 
the moments of inertia of the transformed composite and steel 
sections. Figure 105 shows results for all three types of 
composite cross sections and for both load conditions. 
It is evident that the design expression provides a reason-
able and conservative estimate of working load deflections. It 
generally falls below the results of the parametric study which 
-125-
. fh f .. ld 8 are representat1ve o t e scatter o exper1menta ata . Below 10 
percent shear connection, it is slightly unconservative but this 
is below the AISC minimum shear connection. Near full shear 
connection the design expression overestimates beam rigidity by 
6 percent or less.· This is a lower overestimate than the 5 percent 
reported in studies on composite beams with solid slabs 25 
It is further evident from Fig. 105 that there is no signi-
ficant difference in beam rigidity due to frictional effects. The 
curves for the concentrated and uniform load cases are nearly 
coincident. This is due to compensating effects of increased slab 
force due to friction and the resulting increase in the effective 
connection stiffness. Also it is interesting to note that the 
cross sections which are least dependent upon somposite action, 
because of their relatively low slab to steel beam ratio, exhibit 
the greatest rigidity. This can be seen in Fig. 105 as the curves 
for cross section type 2 fall above those for type 1 and those for 
type 3 fall above those for type 2. 
Beam rigidity also increased slightly with increased steel 
~ield and with increased span. However beam rigidity was observed 
to decrease significantly with increased connector spacing. At a 
longitudinal spacing of 1219.2 mm for the type 1 composite section 
with 66 percent shear connection and loaded with a concentrated 
load at midspan, the computed moment of inertia equalled the moment 
of inertia calculated by the provision in the AISC Specification. 
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This provides further support for the spacing limitation recommended 
in the AISC Specification. 
The AISC Specification permits stresses to be determined in 
the bottom flange of the composite beam with an effective section 
51 
modulus . This expression was developed in Ref. 8 and varies 
with the square root of the degree of shear connection between the 
section modulus of the steel section alone and that of the trans-
formed composite section. It is compared with the results of the 
parametric study in Fig. 106. 
In Fig.·l06 the section modulus is shown in the same non-
dimensional form as was the moment of inertia in Fig. 105. ,This 
nondimensional form focuses on the change ~n section modulus with 
respect to the degree of shear connection. The section modulii 
determined from the parametric study were computed by dividing the 
live load moment at working load by the coincident allowable stress 
of 66 percent of yield. Results for all three composite section 
types for each of the two load cases are shown. 
As was found for the moments of inertia, the section moduli 
are generally conservatively estimated by the AISC expression. 
8 Also they are representative of the scatter of experimental data • 
Near full shear connection the expression is unconservative by up to 
6 percent. This difference at full shear connection is comparable 
with that found in other studies8 •25 . Although the AISC provision 
underestimates stresses near full connection and overestimates 
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stresses for partial shear connection, this reduces the inequity 
in the safety factors noted in Fig. 86. 
Also, as was found for the moments of inertia, the section 
moduli are largest for the cross sections least dependent upon 
composite action. Because of their relatively low slab to beam 
ratio, the curves for cross section type 3 fall above those for 
type 2 and so forth. However, unlike rigidity, the section moduli 
were found to vary with the type of loading. As the frictional 
effects due to loading increase the section modulus also increases 
and decreases.the stresses in the steel beam. Thus, it is seen in 
Fig. 106 that, for all of the three cross sections considered, the 
curves associated with the uniformly distributed load case fall 
above their counterpart with concentrated load at midspan. The 
above observations are of little concern, however, provided a 
generally conservative expression for section modulus, such as 
that provided by AISC, is used in design. 
It was further found, as with beam rigidity, that the computed 
section moduli increased slightly with increased steel yield and 
with increased span, but decreased significantly with increased 
connector spacing. Again, for the type 1 composite section with 
66 percent shear connection and a concentrated load acting at 
midspan, the computed section modulus was found to fall below the 
value calculated by the expression in the AISC Specification for 
a connector spacing larger than 1219.2 mm. This provides yet another 
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justification for the limit on connector spacing contained in the 
AISC Specification. 
The AISC Specification does not address the stresses in the 
slab of the composite beam for partial shear connection. At full 
. shear connection it recommends use of the section modulus with 
respect to the top of the transformed composite section for checking 
slab stresses. 
In Fig. 107, the section modulus computed from the working 
load moment and the coincident slab stress is nondimensionalized 
by the section modulus of the transformed composite section and 
plotted against the degree of shear connection. It is evident that 
the section modulus with respect to the top of the transformed 
section provides a conservative yet reasonable estimate of slab 
stresses for all degrees of shear connection above the AISC 
Specification limit of 25 percent. The maximum deviation within 
this range is less than 15 percent. Steel yield, span length and 
connector spacing were not found to significantly affect the 
computed section modulus relative to the top of the transformed 
section. 
It can be shown that, at full shear connection, slab stresses 
seldom govern the working load moment for cross sections typically 
employed in composite construction. Possible candidates are those 
with high strength steel and/or large steel sections in combination 
with low strength concrete and/or small slabs. These characteris-
tics typify wind and edge girders in buildings and bridge girders. 
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They are~represented in the parametric study by the type 3 com-
posite section. Even though the working load moment at full shear 
connection may be limited by slab stresses for such sections, as 
the degree of shear connection drops, the steel beam stresses begin 
to govern. This occurs because, as can be seen in Fig. 107, the 
section modulus with respect to the top of the composite section 
does not change drastically as the shear connection is reduced. 
Thus the error introduced by using the section modulus of the trans-
formed composite section for all degrees of shear connection is 
minimized because it will only govern the working load moment for 
high degrees of shear connection, if it governs at all. Additional-
ly, as shown in Fig. 107, the error is conservative and thus would 
compensate for any shear lag effects which may develop as described 
in Chapter 3. Finally, it should be pointed out that slab stresses 
are not revelant when adequate flexural capacity exists. 
It is evident from Fig. 47 that the expression for connector 
capacity in the 1979 AISC Specification is most in error for shallow 
ribs with embedment lengths approximately equal to the rib height. 
This type of shear connection was represented in the parametric 
study of the type 1 composite section. For that shear connection, 
the actual connector capacity is only 58 percent of the capacity 
determined from the AISC provision. 
The expression for connector capacity was developed from 
beam tests, as reported in Ref. 8. As such a multitude of other 
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variables contributed to the scatter of the test results reported 
in Ref. 8 and thus affected the development of the expression. 
However, it was ascertained at the time, that beam tests yielded the 
best estimates of connector capacity because pushout and pushoff 
. 1 d . d . 1,2,6 tests cons1stent y un erest1mate capac1ty Two variables 
which were ignored at the time were frictional effects due to 
loading and strain hardening effects. These variables would have 
significantly affected the development of an expression for 
connector capacity from beam tests. Further, it seems evident 
that the expression for connector capacity, developed from beam 
tests, in part, accounts for these variables and thus provides a 
reasonable estimate of flexural capacity 8 
To evaluate the AISC provision connector capacity, the results 
for the three basic composite sections of the parametric study 
were re-evaluated. For a given number of connectors, the degree 
of shear connection was determined by using the connector capacity 
provided by the Specification. This causes a shift in the results 
of a moment versus shear connection plot as shown in Fig. 108. As 
with Fig. 103, the flexural capacity of all ·three composite sections 
are shown for both loading cases, nondimensionalized by the plastic 
moment of the steel section, and plotted against the degree of 
shear connection. Also shown is the ultimate strength of the beam 
based on the simple plastic theory developed by Slutter and Driscoll, 
with and without modification. 
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It is evident that agreement between the flexural capacity 
from the parametric study and the estimated ultimate strength from 
plastic theory is r~asonable. The modified plastic theory,.which 
was found to exhibit least scatter of test data and thus used to 
derive the connector capacity expression, predicts the flexural 
capacity from the parametric study within plus or minus 14 percent. 
This is representative of the scatter of the beam test results used 
to develop the connector capacity expression8 The unmodified 
plastic theory was found to predict the flexural capacity within a 
~ 
plus 12 percent unmodified theory and corresponds with the larger 
scatter found from the beam tests. Also it indicates that the 
unmodified theory is the least conservative by 6 percent. 
The connector capacity provision in the AISC Specification 
provides a reasonable means of defining the beam flexural capacity 
with a total variance of 28 percent compared to the results of the 
parametric study. A better estimate of connector capacity is pro-
vided by Eq. 22, with resultant better estimates of beam capacity, 
as is evident from a total variance of 21 percent compared with the 
results of the parametric study. However, it may be that Eq. 22 is 
too complex for design purposes and attempts to simplify it would 
be in order. 
In conclusion, it can be stated that the simplified plastic 
theory advanced by Slutter and Driscoll provides the best estimate 
of flexural capacity, provided the connector capacity is accurately 
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estimated. This is because it indicates an increased lever arm, 
larger than actually exists, which compensates for the strain 
hardening effects which are ignored. Further, it can be concluded 
that the provisions in the AISC Specification for effective moment 
of inertia and effective section modulus provide reasonable estimates 
of deflection and stress in the bottom flange of the steel beam, 
respectively. Also, it was demonstrated that the section modulus 
with respect to the top of the transformed composite section 
provides a reasonable estimate of slab stresses for the limits of 
partial shear connection stipulated in the AISC Specification, where 
necessary. Finally it was established that the provision for 
connector strength in AISC Specification provides a reasonable 
estimate of capacity for design purposes. It accounts for 
frictional and strain hardening effects and other unknown factors 
which may influence connector behavior and beam capacity. However 
when used in the simplified plastic theory to determine flexural 
capacity, it can lead to significantly unconservative estimates 
unless the theory is modified. A better estimate of connector 
capacity is provided by Eq. 22 which also results in improved 
estimates of flexural capacity with simple plastic theory. 
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6. SUMMARY AND CONCLUSIONS 
It has been shown that three basic discrepancies exist with 
existing inelastic methods of analysis of composite beams. The 
methods do not provide consistent agreement with load deformation 
behavior such as load versus end slip or loa~ versus strain in the 
steel beam or concrete slab. They predict an ultimate strength of 
the beam based on arbitrary criteria, such as the first connector 
readhing its capacity. They do not predict the observed experi-
mental failure behavior of beams that exhibit decreasing capacity 
with increasing deformation. 
The study reported herein presents a method for predicting the 
complete load-deformation behavior of composite beams with steel 
deck formed slabs which corrects the discrepancies cited above. 
7 The method was developed by Ma and was modified to accommodate 
the experimentally observed behavior of shear connectors which at-
tain a peak capacity and then decrease with continued deformation. 
The method involves an iterative technique, based on an assumed 
initial value of end slip, and step-by-step numerical integration. 
The study demonstrated that the prediction of beam behavior depends 
primarily upon the load deformation behavior of the shear connectors. 
The behavior of shear connectors in beams with deck formed slabs, 
which load to some peak value and decline in load in a ductile 
manner, was quantitatively described. A parametric study was also 
presented which examined several variables and compared the results 
of this investigation with existing design criteria. 
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It was also found from this investigation that residual stresses 
in the steel beam may have a secondary but significant effect on the 
beam load-deformation behavior. It was demonstrated that substantial 
frictional effects develop between the slab and the steel beam that 
are dependent upon the type of loading. These frictional effects 
were quantified. It was found that the stress-strain relationship 
of the concrete slab contributes little to overall beam behavior. 
The strength and behavior of shear connectors in test beams can be 
found from the load deformation relationships of the beam, when the 
residual stresses in the steel beam are known. When the residual 
stresses are not known, pushout and pushoff tests must be relied 
upon. 
It was demonstrated that assuming the web of the steel beam to 
carry all of the shear stress is a reasonable and conservative 
practice. It was also found that deflections due to shear in com-
posite beams are generally negligible and diminish as yielding 
develops. For span-to-depth ratios greater than 15 to 1, shear 
deflection is less than 10 percent of the bending deflection. For 
ratios equal to 10 to 1, shear deflection increased to between 20 
and 25 percent. Beams with large slabs and small steel sections or 
with very deep steel sections were found to be most affected. Ad-
ditionally, it was found that shear lag effects on beam behavior are 
negligible except in the prediction of slab stresses. Further, 
the concept of effective width is not valid when the slab begins 
to behave inelastically, except when the effective width is defined 
by the center-to-center spacing of the steel beams. The full slab 
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width becomes effective when the flexural capacity is attained due to 
redistribution. 
Equation 22 was found to provide a reliable estimate of connector 
capacity in a deck formed slab and improved the correlation with 
existing test data. Equations 24 and 25 provide reasonable estimates 
of load deformation behavior of a connector in a rib. Beyond the 
maximum connector strength the connector resistance declines at a 
rate of approximately 7000 kN/m to a minimum capacity defined by 
Eq. 26. The connector force in a composite beam acts together with 
frictional forces between the slab and the beam and eventually on 
the failed surface of the sheared rib. This frictional force was 
estimated from a coefficient of friction which was assumed to vary 
linearly between an initial value of 0.5 and a maximum value of 2.0 
at three times the slip associated with peak connector capacity. 
This coefficient was developed from beam test results and theoretical 
considerations of a fractured rib. 
The results of the parametric study demonstrated that the shear 
connection failure generally limits the flexural capacity of composite 
beams with deck formed slabs. There is no lower limit required on 
the degree of shear connection for developing flexural capacity, 
however the most efficient level of shear connection is approximately 
30 percent of full stress connection. Use of high strength steel 
in composite beams results in a slight reduction in expected flexural 
capacity, and a slight increase above the expected working load. 
Span length effects on composite beam strength and behavior are 
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f 
minimal. Connector spacing along the beam has a minimal effect on 
the behavior of composite beams. However to prevent adverse local-
ized slab failure which affects development of flexural capacity, a 
maximum spacing of 1 meter is recommended. For maximum connector 
capacity, a center-to-center spacing of individual ~tud connectors 
within a rib of twice the embedment length is recommended. Composite 
beams with combinations of high strength steel, long spans, and close 
longitudinal connector spacing may exhibit a significant reduction 
in flexural capacity. 
Finally it may be concluded that, provided the strength of the 
shear connection is correctly described, the simple plastic theory 
advanced in Ref. 2 provides the best prediction of flexural capacity. 
The AISC Specification provisions for effective moment of inertia 
and effective section modulus provide reasonable estimates of de-
flection and bottom flange steel stress, respectively. Also the 
section modulus with respect to the top of the transformed composite 
section provides a reasonable estimate of slab stresses. However, 
estimates of stress in the steel beam or concrete slab are irrelevant 
when flexural capacity can be achieved. The connector strength 
provision in the AISC Specification provides·a reasonable estimate 
of capacity for design purposes. When used to determine flexural 
capacity it is recommended that the simple plastic theory described 
in Ref. 2 be modified to assume a slab force acting at the center of 
the solid portion of the slab above the rib. Further, when thick 
slabs are used, the embedment length of the connector should extend 
to mid-depth of the solid portion of the slab. 
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TABLE 1. EXPERIMENT DESIGN BY SPECIMEN DESIGNATION 
Rib Ht, h Rib Width, w Series (mm) 
w = 1.5 h w = 2.0 h 1 2 
lA 38.1 Spec 1A1R Spec 1A5R 
50.8 Spec 1A2 Spec 1A6R 
76.2 Spec 1A3R Spec 1A7 
lB 38.1 Spec 1B2 
76.2 Spec 1B1 
lC 38.1 Spec 1C1 
50.8 Spec 1C3 
76.2 Spec 1C2a Spec 1C4 
76.2 Spec 1C2b 
1D 38.1 Spec 1D.l 
38.1 Spec 1D2 
76.2 Spec 1D3 
76.2 Spec 1D4 
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? TABLE 2(A) - SUMMARY OF LEHIGH TEST DATA 
( Ave. n 
Slabh Rib 
Studs I k Steel Beam e Rib Stud Stud Shear Studp ,u w q Ec f fyy Beam Section Span Width Depth Ht. .Width Dia. Ht. Span Space c c 
rn -¥ 3 .. rom rom mm rnrn rnrn em kg/rn MPa MPa MPA 
lAlR 16x40 7:3 18~ 101.6 38.1 57.2 19.1 : 76.2 24 30.5 1829.7 14007. 23.9 474.7f 
516.8 w 
1A2 16x40 7.3 203.:.92 114.3 50.8 76.2 19.1 88.9 24 30.5 1882.4 14973. 25.6 396.8 
"-<._ 425.7 
1A3R 16x40 9.8 243.8 139.7 76.2 114.3 19.1 114.3 26 61.0 1836.1 13697. 22.4 452.0 
470.6 
I 
t;vlA5R 16x45 6.1 182.9 101.6 38.1 76.2 19.1 76.2 18 30.5 1882.4 14973. 25.6 456.1 
\D 471.3 I 
"" 1A6R 16x45 7.3 203.2 114.3 50.8 101.6 19.1 88.9 20 30.5 2011.7 17388. 34.0 456.8 
465.8 
1A7 16x40 9.8 243.88 76.2 152.4 19.1 114.3 18 61.0 1906.4 15801. 29.0 436.8 
454.0 
lBl 16x58 9.8 '243.8 139.7 76.2 114.3 19.1 114.3 25 61.0 1960.6 12489. 25.9 222.2 
240.8 
1B2 16x58 7.3 182.9 101.6 38 .. 1. 76.2 19.1 76.2 19.' 30~5 1837.7 14904. 33.3 256.0 
269.8 
1/ lCl 16x40 7.3 182.9 101.6 38.1 57.2 19.1 76.2 11 30.5 1861.6 17181. 30.0 398.1 
430.6 
. -- --·---·------ -----·---------------------------------
TABLE 2(A) - SUMMARY OF LEHIGH TEST DATA 
S1abh Rib 
Ave. 
Beam Slab Rib Stud Stud Studsn/ 
Steel Span Width Depth Ht. Width Dia. Ht. Shear Studp w q Eck 'u fyy f Beam Section Span Space c 3 c 
I ' rn rnrn rnrn rnrn rnrn rnrn rnrn ern kg/rn MPa MPa MPa 
v 1C2A 16x40 9.8 243.8 139.7~)19.1 114.3 9 61.0 1809.0 17112. c 28.5 455.4 f 
463.7 w 
1C2B 16x40 9.8 243.8 139.7 76.2 114.3 19.1 114.3 12 61.0 1811.6 17319.c 27.5 456.8 
476.8 
v LC3 16x40 7.3 203.2 114.3 50.8 101.6 19.1 88.9 8 30.5 1882.9 17250. 33.4 477.5 
I 515.4 
1--' 
.p.. 
139.7~19.1 <f''<"lC4 16x45 9.8 243.8 114.3 14 61.0 1895.2 14387. 22.4 447.8 
470.6 
1Dl 16x40 7.3 182.9 101.6 38.1 57.2 19.1 76.2 24 30.5 1828.9 14007. 23.9 476.1 
509.2 
1D2 16x40 7.3 182.9 101.6 38.1 57.2 19.1 76.2 24 30.5 1837.7 14973. 31.8 382.3 
418.1 
1D3 16x45 9.8 243.8 139.7 76.2 152.4 19.1 114.3 18 61.0 1954.2 15180. 27.3 447.8 
468.5 
1D4· 16x40 9.8 243.8 139.7 76.2 152.4 19.1 114.3 18 61.0 1992.6 17802. 33.5 443.7 
474.0 
I 
I-' 
+:-
1-' 
I 
TABLE 2(A) - SUMMARY OF LEHIGH TEST DATA 
c Computed by ACI formula 
f Flange 
h Total thickness including height of rib 
k Modulus of elasticity of concrete, measured by cylinder tests 
n Number of studs between point of maximum moment acting on the composite section and the nearest 
point of zero moment 
p Maximum spacing between two connector groups in a shear span 
q Concrete density (dry weight) 
u Compressive strength of concrete at test 
w Web 
y Static yield point of steel beam 
TABLE 2(8) - SUMMARY OF OTIIER TEST DATA 
Studsn/ 
Studp Shear wq Eck f'cu fyy 
Steel Span Width Depth lit. Width Dia. Ht. 'Span Space c 
Beam Section m mm mm mm mm mm mm 1 2 3 T em kg/m3 MPa MPa MPa Ref. 
V' e 23426. 23.9 284. 3f 71-17(~2) Wl2xl9 6.4 172.7 101.6 38.1 57.2 19.1 76.2 11 0 0 11 30.5 2315.1 11 320.2W 
I 
/ 69-1(3), 15387~ 251.28 f-' W14x30 6.1 119.4 101.6 38.1 57.2 19.1 76.2 12 0 0 12 30.5 1840.9 31.7. 12 .p- 267.0 N 
I 
./ 16353~ 22.8 251.98 70-3l(D) W14x30 5.8 121.9 101.6 38.1 57.2 12.7 76.2 5 9 0 23 40.6 1852.1 13· 251.9 
V 67-11(81) W12x27 4.6 121.9 139.7 76.2 103.1 19.1 127.0 0 4 0 8 66.0 1852.1 14973~ 30.4 253.28 
I 285.7 14 
v 70-3l~C) W18x60 10.8 182.9 152.4 (76~ 19.1 127.0 16 1 0 18 30.5 1852.1 16353~ 22.8 223.68 
258.8 13 
v n:x-2 Wl6x50 9.8 243.8 158.9 ~19.1· 139.7 0 13 0 26 30.5 1724.3 15753. 26,2 246.38 
311.9 15 
\..- 72-12(80) W12x65 7.6 182.9 177.8 ~~19.1 4.5 0 0 7 21 40.6 1845.7 17581. 26.6 231.2° 
258.8 16 
v 68-16 W27x84 14.5 141.0 152.4 (7~15.9 127.0 9 0 0 50 71.1 1815.3 1:1422. 21.5 244.6° 17 287.0 
TABLE 2(B) - SUMMARY OF OTHER TEST DATA 
a Averaged, flange and web 
b Dynamic yield stress 
e Estimated 
f Flange 
h Total thickness including height of rib 
k Modulus of elasticity of concrete, computed by ACI formula 
m Measured by cylinder tests 
n Number of studs between point of maximum moment acting on the composite section and the 
nearest point of zero moment; (1) Number of ribs with 1 stud (2) Number of ribs with 2 studs 
(3) Number of ribs with 3 studs (T) Total number of studs (Note 68-16 had 10 ribs with 5 
studs/rib) 
0 
p 
q 
s 
u 
w 
y 
0.2% offset yield stress 
Maximum spacing betw~en two connector groups in a shear span 
Concrete density (dry weight) 
Static yield stress 
Compressive strength of concrete at test 
Web 
Yield point of steel beam 
TABLE 3 STEEL PROPERTIES 
Static Modulus of 
Yield Ultimate Elasticity 
Specimen Stress Strength Percent in Tension 
Beam Number (MPa) (MPa) Elongation (GPa) 
lAlR lw 524::4 685.9 19.6 208.4 
2-w 508.5 672.8 20.0 208.4 
Average w 516.8 679.7 19.8 208.4 
3f 476.8 678.3 19.2 192.5 
4f 472.7 661.0 20.2 196.7 
Average f 474.7 670.0 19.7' 194.6 
Average 495.6 674.8 19.8 201.5 
1A2 lw 431.3 593.4 22.3 207.7 
2w 419.5 582.4 23.3 204.2 
Average w 425. 7' 587.9 23.1 206.3 
3f 389.2 573.4 23.2 187.0 
4f 404.3 600.3 23.5 199.4 
Average f 396.8 587.2 23.4 193.2 
Average 411.2 587.2 23.2 199.4 
1A3R lw 474.7 623.1 20.4 204.9 
2w 466.4 620.3 20.1 206.3 
Average w 470.6 621.7 20.3 205.6 
3f 456.1 641.0 20.9 200.1 
4f 447.8 644.5 21.3 171.1 
Average f 452.0 643.1 21.1 185.6 
Average 461.6 632.0 20.7 196.0 
1A5R lw 469.2 621.7 18.6 202.2 
2w 473.3 636.9 20.5 209.8 
Average w 471.3 629.3 19.6 206.3 
3f 459.5 757.6 20.6 198.7 
4f 452.6 638.9 21.6 198.0 
Average f 456.1 698.3 21.1 198.7 
Average 463.7 663.8 20.3 202.9 
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TABLE 3 CONTINUED 
Static Modulus of 
Yield Ultimate Elasticity 
Specimen Stress Strength Percent in Tension 
Beam Number (MPa) (MPa) Elongation (GPa) 
1A6R lw 475.4 630.0 19.7 207.0 
2w 455.4 609.3 21.4 200.8 
Average w 465.8 619.6 20.6 204.2 
3f 458.2 630.0 25.1 191.8 
4f 455.4 643.8 22.4 197.3 
Average f 456.8 636.9 23.8 194.6 
Average 461.6 627.9 22.2 199.4 
1A7 lw 453.3 599.6 20.6 210.5 
2w 454.7 594.1 21.6 206.3 
Average w 454.0 596.9 21.1 208.4 
3f 445.1 612.0 21.9 200.1 
4f 428.5 707.9 21.5 196.0 
Average f 436.8 660.3 21.7 198.0 
Average 445.7 628.6 21.4 203.6 
1B1 1w 249.8 431.9 33.0 213.2 
2w 231.8 426.4 31.4 220.1 
Average w 240.8 429.2 32.2 216.7 
3f 223.6 410.6 34.3 218.0 
4f 220.8 418.1 34.0 211.8 
Average f 222.2 414.7 34.2 215.3 
Average 228.4 421.6 33.2 216.0 
1B2 1w 284.3 474.7 29.8 209.8 
2w 254.6 466.4 29.7 211.8 
Average w 269.8 470.6 . 29.8 211.1 
3f 261.5 463.0 29.1 207.7 
4f 249.1 467.8 30.5 192.5 
Average f 256.0 465.8 29.8 200.1 
Average 262.9 467.8 29.8 205.6 
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TABLE 3 CONTINUED 
Static Modulus of 
Yield Ultimate Elasticity 
Specimen Stress Strength Percent in Tension 
Beam Number (MPa) (MPa) Elongation (GPa) 
lCl lw 436.8 592.7 22.1 211.1 
2w 424.4 585.1 22.9 208.4 
Average w 430.6 589.3 22.5 209.8 
3f 394.0 583.7 22.9 196.7 
4f 402.3 420.9 24.8 195.3 
Average f 398.1 502.3 23.9 196.0 
Average 414.7 545.8 23.2 202.9 
1C2A lw 468.5 603.1 20.7 209.1 
2w 458.9 598.2 20.7 205.6 
Average w 463.7 601.0 20.7 207.0 
3f 458.2 628.6 20.9 203.6 
4f 452.0 632.0 21.5 211.1 
Average f 455.4 630.7 21.2 207.7 
Average 459.6 616.2 21.0 207.7 
1C2B lw 480.2 619.6 20.4 205.6 
2w 472.7 616.9 20.2 204.9 
Average w 476.8 618.2 20.3 198.7 
3f 452.6 633.4 21.1 198.7 
4f 460.2 652.7 20.2 200.8 
Average f 456.8 643.1 20.7 200.1 
Average 467.1 630.7 20.5 199.4 
1C3 1w 514.1 680.3 20.5 206.3 
2w 516.8 685.9 20.2 204.9 
Average w 515.4 683.1 20.4 205.6 
3f 480.2 671.4 20.0 199.4 
4f 474.7 679.0 19.8 200.8 
Average f 477.5 675.5 19.9 200.1 
Average 496.8 679.0 20.1 202.9 
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TABLE 3 CONTINUED 
Static Modulus of 
Yield Ultimate Elasticity 
Specimen Stress Strength Percent in Tension 
Beam Number (MPa) (MPa) Elongation (GPa) 
1C4 lw 476.1 625.1 19.9 203.6 
2w 464.4 616.2 20.4 204.9 
Average w 470.6 621.0 20.1 204.2 
3£ 447.1 643.1 21.5 192.5 
4£ 447.8 636.2 22.4 195.3 
Average f 447.8 639.6 22.0 194.6 
Average 459.5 630.0 21.0 199.4 
lDl lw 513.4 674.1 18.7 209.8 
2w 504.4 668.6 20.8 207.0 
Average w 509.2 671.4 19.8 208.4 
3£ 474.7 675.5 20.0 193.9 
4£ 476.8 663.1 20.4 204.2 
Average f 476.1 669.3 20.2 198.7 
Average 492.7 670.7 20.0 203.6 
1D2 lw 414.7 591.3 22.8 203.6 
2w 421.6 583.7 22.7 206.3 
Average w 418.1 587.9 22.8 204.9 
3£ 394.0 574.1 24.0 198.7 
4£ 370.5 576.8 24.1 196.0 
Average f 382.3 575.5 24.1 197.3 
Average 400.2 581.7 23.4 201.5 
1D3 lw 474.7 627.9 21.9 208.4 
2w 462.3 612.7 20.4 203.6 
Average w 468.5 620.3 21.1 206.3 
3£ 448.5 635.5 20.8 201.5 
4£ 447.1 650.7 20.0 198.7 
Average f 447.8 643.1 20.4 200.1 
Average 458.2 632.0 20.7 203.6 
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TABLE 3 CONTINUED 
Static Modulus of 
Yield Ultimate Elasticity 
Specimen Stress Strength Percent in Tension 
Beam Number (MPa) (MPa) Elongation (GPa) 
1D4 lw 478.2 630.0 21.0 207.7 
2w 469.9 622.4 21.8 203.6 
Average w 474.0 626.5 21.4 205.6 
3f 455.4 628.6 22.4 209.8 
4f 431.3 636.2 33.7 180.1 
Average f 443.7 632.7 28.1 195.3 
Average 458.9 629.3 24.7 200.8 
w web 
f flange 
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TABLE 4 CONCRETE MIX 
Materials Quantity per Cubic Yard 
Coarse Aggregate (Nytralite) 433 kg 
Sand 612 kg 
Cement (Type 1 Port land) 217 kg . 
Water 
Darex (AEA) 
Slump 
Air Percentage 
Dry Unit Weight 
Compressive Strength 
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129 kg 
156 g 
75-100 mm 
5-7% 
1812 kg/m3 
27.6 MPa 
TABLE 5 CONCRETE PROPERTIES 
Age Cylinder Ec fc' fsp w 
Specimen (days) Nos. (MPa) (MPa) (MPa) (kg/m3 ) 
1A1R 46 EI 14007 1816.9 
Ell 13938 1840.9 
CI 23.8 1816.9 
CII 24.0 1840.9 
TI 2.7 1824.9 
Til 2.2 1832.9 
Average 14007 23.9 2.4 1829.7 
1A2 49 EI 15111 1872.8 
Ell 14766 1890.4 
CI 25.7 1890.4 
CII 25.5 1890.4 
TI 3.1 1872.8 
Til 2.7 1890.4 
Average 14973 25~6 2.9 1882.4 
1A3R EI 14628 '1832.9 
Ell 12765 1840.9 
CI 23.0 1832.9 
CII 21.9 1840.9 
TI 2.6 1832.9 
Til 2.2 1840.9 
Average 13697 22.4 2.4 1836.1 
1A5R 49 EI 15111 1872.8 
Ell 14766 1890.4 
CI 25.7 1890.4 
CII 25.5 1890.4 
TI 3.1 1872.8 
Til 2.7 1890.4 
Average 14973 25.6 2.9 1882.4 
1A6R 30 EI 17871 2019.7 
Ell 16836 2003.7 
CI 35.1 2019.7 
CII 32.9 2027.7 
TI 2.3 1995.8 
Til 3.2 2027.7 
Average 17388 34.0 2.7 2011.7 
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TABLE 5 CONCRETE PROPERTIES 
Age Cylinder Ec fc' fsp w 
Specimen (days) Nos. (MPa) (MPa) (MPa) (kg/m3 ) 
1A7 40 EI 15870 1906.3 
EII 15732 1906.3 
CI 29.2 1906.3 
CII 28.8 1914.3 
TI 2.7 1898.4 
TII 2.8 1922.3 
Average 15801 29.0 2.7 1906.4 
1B1 37 EI 12765 1963.8 
EII 12213 1955.8 
CI 26.6 1955.8 
CII 25.1 1971.8 
TI 2.2 1971.8 
TII 3.0 1954.2 
Average 12489 25.9 2.6 1960.6 
1B2 45 EI 15249 '1840.9 
EII 14490 1832.9 
CI 34.3 1824.9 
CII 32.4 1848.9 
TI 2.7 1872.8 
TII 2.4 1824.9 
Average 14904 33.3 2.6 1837.7 
1C1 . 58 EI 17388 1856.8 
EII 16905 1864.8 
CI 30.2 1856.8 
CII 29.8 1864.8 
TI 3.1 1856.8 
TII 3.1 1864.8 
Average 17181 30.0 3.1 1861.6 
1c2A 38 EI 
* 
1808.9 
EII 
* 
1808.9 
CI 19.5 1808.9 
CII 27.5 1801.0 
TI 2.5 1808.9 
TII 2.7 1816.9 
Average 17112+ 28.5 2.6 1808.9 
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TABLE 5 CONCRETE PROPERTIES 
Age Cylinder Ec fc' fsp w 
Specimen (days) Nos. (MPa) (MPa) (MPa) (kg/m3 ) 
1C2B 38 EI 
* 
1808.9 
Eil 
* 
1808.9 
CI 27.8 1816.9 
Cil 27.2 1816.9 
TI 3.0 1808.9 
Til 2.7 1808.9 
Average 17319+ 27.5 2.9 1811.6 
1C3 64 EI 17250 1872.8 
Eil 17250 1888.8 
CI 34.2 1872.8 
Cil 32.6 1890.4 
TI 2.9 1882.4 
Til 
* 
1890.4 
Average 17250 33.4 2.9 1882.9 
1C4 34 EI 14145 '1898.4 
Eil 14628 1890.4 
CI 23.2 1898.4 
Cil 21.7 1890.4 
TI 2.7 1898.4 
Til 2.9 1898.4 
Average 14387 22.4 2.8 1895.2 
1D1 46 EI 14007 1816.9 
Eil 13938 1840.9 
CI 23.8 1816.9 
Cil 24.0 1840.9 
TI 2.7 1824.9 
Til 2.2 1832.9 
Average 14007 23.9 2.4 1828.9 
1D2 42 EI 15249 1832.9 
Eil 14628 1840.9 
CI 32.8 1816.9 
Cil 30.7 1848.9 
TI 2.6 1824.9 
Til 2.6 1848.9 
Average 14973 31.8 2.6 1837.7 
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TABLE 5 CONCRETE PROPERTIES 
Age Cylinder Ec fc' fsp w 
Specimen (days) Nos. (MPa) (MPa) (MPa) (kg/m3 ) 
1D3 32 EI 15111 1954.2 
EII 15249 1954.2 
CI 25.5 1954.2 
err 29.1 1971.8 
TI 3.2 1938.3 
Trr 2.5 1954.2 
Average 15180 27.3 2.8 1954.2 
1D4 31 EI 17871 1995.8 
Err 17733 1987.8 
CI 33.5 1995.8 
err 33.4 1995.8 
TI 3.3 2019.7 
Trr 3.4 1971.8 
Average 17802 33.5 3.3 1992.6 
* 
observation missed 
+ E calculated from ACI formula, E = 33 w 1.5 f'0.5 c c c 
(ACI Standard 318-78, Section 8.3.1) 
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TABLE 6 
Stud Dimensions 
(mm) 
19~1x76.2 
19.1x88.9 
19 .lxll4.3 
STUD PROPERTIES 
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Ultimate Strength 
(MPa) 
506.5 
521.6 
543.7 
.6 
2133.6 mm 
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